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“If, in some cataclysm, all of scientific knowledge were to be destroyed, and only one 

sentence passed on to the next generation of creatures, what statement would contain 

the most information in the fewest words? I believe it is the atomic hypothesis (or the 

atomic fact, or whatever you wish to call it) that all things are made of atoms - little 

particles that move around in perpetual motion, attracting each other when they are a 

little distance apart, but repelling upon being squeezed into one another. In that one 

sentence, you will see, there is an enormous amount of information about the world, 

if just a little imagination and thinking are applied.” 

R. Feynman 

The Feynman Lectures on Physics (1964) 
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Abstract 
 

VO2 is a fascinating 3d1 system undergoing a temperature triggered (67 °C) Metal Insulator 

Transition (MIT) coupled with a structural phase transition, from a low-temperature monoclinic 

insulator to a high-temperature tetragonal metal. Since its discovery, the MIT has been widely 

studied with a twofold interest: its applicative potential and its nature.  

Different theoretical models have been proposed to explain the occurrence of the insulating 

phase of VO2 like a structurally driven Peierls transition or a Mott-Hubbard transition triggered 

by electron mutual Coulomb repulsion. However, a clear theoretical picture is missing since VO2 

properties are determined by a complex interplay among lattice, orbital and electronic degrees 

of freedom. Therefore, in order to exploit the MIT features for technological application, a 

detailed study of the influence and interplay between the different degrees of freedom is of 

paramount importance.  

With the aim of disentangling the lattice-orbital-electronic intrigue, in this thesis, four samples 

with different structural properties have been studied. Three thin strained films and one 

nanostructured disordered VO2 film have been investigated using advanced spectroscopic 

techniques like X-ray absorption Near Edge Structure (XANES), Resonant Photoemission 

(ResPES) and Constant Initial State (CIS). The combination of these techniques allowed us to 

determine the strain influence over the multi-orbital contribution to the MIT. In addition, 

interesting features like the Fermi Level population can be modulated tuning the strain. In the 

disordered sample, in which the Peierls mechanism is quenched, it has been possible to observe 

the occurrence of a purely electronic transition, i.e. structural transition is not necessary to 

trigger the MIT.  
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Chapter 1. 

Vanadium oxides and VO2 
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In the last decades, technological advancements in the field of information processing, and 

storage have revolutionized our lifestyle. The advent of high performance computing, 

instantaneous worldwide range communication as well as fast storage of large dataset had 

irrevocably changed society. Computer assisted design of new products and simulations to 

predict functionalities, the ability to manage complex tasks like control of robotic manufacturing 

processes or handle supply chains on the global scale are just a few examples of the influence 

of the technology on our everyday life. 

The key element of this technological advancement is silicon, which plays a major role in 

semiconductor-based electronics. The success of silicon is due to three main features: 1) its low 

cost and high abundance, 2) the modulation of flow of electrical charges applying an electric 

field, enabling storage, manipulation and amplification of electrical signals, 3) the conversion of 

optical into electric signal and vice versa.  

The improvement of fabrication technologies led to the continuous miniaturization of silicon-

based electronics and in particular of transistors in agreement with the Moore law[1]. The 

prediction to double the number of transistors per unit area every two years has been respected 

for at least 40 years, although a slow down has been observed since 2015 due to the increasing 

complexity of the miniaturization procedures and chips manufacturing costs[2].  

The decreasing trend of the Moore law points out that the margin of the silicon based 

technologies improvement is vanishing, triggering the R&D of materials with novel properties 

and functionalities. In this framework, Transition Metal Oxides (TMO) are possible candidates. 

In ordinary semiconductors, the valence band is generated by the superposition of s-p orbitals 

while in TMO it is formed by d electrons, which provide new functional properties. Usually, in 

TMO there is a complex interplay between structural, orbital and electronic degrees of freedom, 

which give rise to unconventional and fascinating properties: the appearance of high-

temperature superconductivity in complex cuprates[3] and the observation of giant 

magnetoresistance in manganites[4] are just few examples. 

In contrast to middle and late TMOs, early TMOs are far less studied and in particular vanadium 

oxides disclose a huge applicative potential[5]. 

Vanadium ([Ar] 3d34s2) is a very reactive element and different stoichiometric oxides (VO, V2O3, 

VO2, and V2O5) characterized by different oxidation states such as V+2, V+3, V+4 and V+5 as well as 

mixed-valence oxides (Magneli and Wadsley series)[6] can be synthesized. This huge variety of 

oxides implies an equally large variety of structural and electronic properties, which can have 

different and powerful technological applications. As an example, because of their layered 

structure, both V2O5 and V6O13 have been deeply investigated for possible applications as 

cathode materials in Li-ion batteries[7–9]. More importantly, this class of oxides bears the seed 

of a strong electronic correlation. VO2, V2O3 and the mixed-valence VnO2n-1 (n=3-6, 8, 9) systems 

all exhibit first-order metal-insulator transitions (MIT)[5,10].  

One of the most studied oxides, the tetravalent oxide VO2, undergoes a sharp, reversible, 

hysteretic, MIT coupled to a structural phase transition, passing from a high-temperature 

tetragonal metal to a low-temperature monoclinic insulator phase.  

Vanadium dioxide MIT can be triggered by temperature (~67 °C in single crystals)[11], electric 

field[12] or photo-carrier doping[13], making VO2 an extremely versatile and attractive 

prototype phase change material (PCM). The transition can be characterized in terms of 
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amplitude (ΔA), width (ΔW), sharpness (ΔH) and critical temperature (Tc), which are dependent 

on the VO2 structure at micro and nanoscale.  

 

Figure 1.1: Qualitative representation of the hysteresis cycle of the resistance across the phase transition with the 
characteristics parameters that define the MIT features. ΔA is the amplitude of the transition, ΔW is the width and 

ΔH the sharpness or slope.  

Narayan and Bhosle proposed a qualitative model based on the classical nucleation theory[14] 

which correlates ΔA, ΔW and ΔH (see Fig. 1.1) to samples microstructure being also able to 

rationalize results available in the literature[15–17]. They rely on the characterization of the 

phase transition in terms of the Gibbs free energy variation in adiabatic approximation: 

∆𝐺 = ∆𝑇∆𝑆     (1.1) 

where ΔG, ΔT and ΔS are the variations of the free energy, the temperature and the entropy 

across the phase transition. According to the classical nucleation theory, the minimum radius 

necessary to an agglomerate to start the nucleation process (i.e., the critical radius) can be 

written as: 

𝑟𝑐 =
2𝛺

∆𝐺
      (1.2) 

in which Ω is the interfacial energy. The main features of the Narayan-Bhosle semi-empirical 

model are listed in the following: 

1. The sharpness of the transition ΔH is directly dependent on the defect density per unit of 

volume, including point defects, cluster impurities, and grain boundaries 

                                                                ∆𝐻 = 𝐶𝜌𝑑      (1.3)  

where C is a constant and ρd the density of defects.  Usually, grain boundaries defects are 

not relevant respect to point defects, until the grain size decreases to the nanometer 

dimension. In this case, they will play a role in decreasing the sharpness of the 

transition[18]. 

2. ΔA is inversely proportional to defect density. High purity VO2 exhibits a larger transition 

amplitude. 
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3. The finite temperature ΔT necessary for the phase transition is directly proportional to the 

hysteresis width ΔW. Therefore, a minimum hysteresis will always be present even in the 

purest sample.   

                                                               ∆𝑊 ∝ ∆𝑇 =
2𝛺

∆𝑆𝑟𝑐
    (1.4)  

Reducing the grain radius and increasing the interfacial energy, the hysteresis width 

increases. Therefore both sample morphology and dimension affect ΔW. Various studies on 

VO2 nanoparticles clearly showed the increase of the transition width reducing the 

nanoparticle size[16,19,20]. The explanation of the ΔW dependence from the interfacial 

energy Ω can be found in grain boundaries. In synthesis, the interfacial energy is minimized 

when two adjacent grains are oriented within small angle respect to a fixed direction, hence 

the polycrystalline samples transition width is larger respect to single crystal[21]. 
 

Using this model is possible to predict the phase transition features for different complex 

morphologies. This is extremely important in order to synthesize VO2 samples with the necessary 

properties to match the desired application. For example, for memory device applications a VO2 

sample with a large hysteresis is preferable, while for sensing applications, the highest efficiency 

is required and therefore a sharp phase transition with a large amplitude is preferred. In general, 

from the Narayan-Bhosle semi-empirical model some general trends can be extrapolated. 

For high quality single crystals, i.e., big grains well oriented, the model predicts a sharp transition 

(small ΔH) with a large amplitude (ΔA) and a small width (small ΔW). Respect to single crystal, in 

randomly oriented polycrystalline films, the MIT will exhibit a smaller ΔA (because of the 

increased amount of defects) and a larger width caused by the mismatch of large grains 

orientation.  In nanoparticles assembled films, the small grain size will contribute, in addition to 

the increase of the number of defects and to the random grain orientation, to the larger width 

and to smaller amplitude phase transition respect to polycrystalline films. In amorphous VO2 

samples, the phase transition is broad (large ΔH) because of the high concentration of defects 

while the amplitude is reduced. The width ΔW is also reduced because of the reduction of the 

grain boundaries[22,23]. In addition, epitaxial strain[24] and alloying[25] allow to increase or 

decrease the transition critical temperature 

In this scenario, the VO2 emerges as a prototypical PCM since its near room temperature phase 

transition is easily accessible and easy to manipulate. Consequently, different applications based 

on VO2, MIT exploitation have been proposed in different technological areas.  

In electronics, PCMs and in particular VO2 have been proposed for neuromorphic 

computing[26,27], radiofrequency and electrical switches, augmented Field Effect Transistor 

(FET)[5] and coupled oscillators[28], though a physical model for the simulations of PCM based  

devices to calculate heat transport, Joule heating and MIT features has been addressed only 

recently[29]. The MIT in VO2 can be controlled at the nanoscale using an atomic force 

microscope equipped with a biased conducting tip, suggesting applications in computing and 

memory devices[30].  

VO2 thin films, used as a window coating, have also been proposed as an energy-saving material 

with the ability to decrease the energy loss in buildings. Indeed, in the low-temperature 

insulating phase, VO2 is almost transparent to infrared (IR) radiation. Rising the temperature, in 

the metallic phase, it is a highly IR reflecting material[31]. Lowering the MIT temperature upon 
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W doping [31], it is possible to use VO2 coatings to modulate the infrared component of the 

radiation entering or leaving a building, therefore, controlling its thermal isolation.  

Despite the attention received for its possible applications, since the first observation of the VO2 

phase transformation by Morin in 1959[11], the very nature of the MIT has been the argument 

of intense scientific debate. The abrupt jump in resistivity is accompanied at the same 

temperature by a crystalline transition, going from the low-temperature monoclinic phase to 

the high-temperature rutile structure. Different models have been proposed to explain the VO2 

Metal to Insulator Transition  (MIT): a strong electron correlation driven Mott-Hubbard 

transition[32–34], a Peierls structural distortion driven MIT[35–37] or a cooperative Mott-

Peierls mechanism[38]. 

The understanding of the mechanism at the origin of MIT is crucial in order to improve the phase 

transition. However, this is complicated by the coexistence of different driving forces. Because 

of the complex interplay between charge, lattice and orbital degree of freedom, an 

unambiguous theoretical or experimental explanation of the MIT is not yet available. To 

experimentally approach this long-standing problem, it is necessary to characterize across the 

phase transition a coherent set of samples with controlled properties, using techniques, which 

concurrently probe more than one degree of freedom. 

In this thesis, two sets of VO2 samples (three crystalline strained films and one disordered 

nanostructured films) have been characterized and studied using different experimental 

techniques. Thin and ultra-thin crystalline samples have been characterized using X-ray 

Photoelectron Spectroscopy (XPS, Appendix 1), Resonant Photoemission (ResPES, appendix 3.1) 

and X-rays Absorption Near Edge Structure (XANES, Appendix 2) acquiring two different Auger 

Channels O KL23L23 and V L3M23M45. The nanostructured (NS) VO2 samples have been 

characterized using XPS, Ultra Violet Photoelectron spectroscopy, Work function 

measurements, XANES in total electron yield and Transmission electron microscopy.  The details 

of the samples’ preparation and characterization are described in Chapter 2. 

The phase transformation has been studied using XANES, ResPES and Constant initial state 

spectroscopy (CIS) in order to disentangle the orbital-structural-electronic contributions to MIT. 

The analysis and the obtained results are presented and discussed in Chapters 3 and 4. 
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1.1 The Metal-Insulator Transition theory  
 

The phenomenological definition of a metal and an insulator is quite straightforward: a metal is 

a material capable to conduct electricity while an insulator does not. To have a more rigorous 

definition of the metallic and insulator state we had to wait until the early ’30s of 1900 when 

the band theory has been developed[39]. The first real breakthrough was the demonstration of 

the Bloch theorem, which explains the quantum-mechanical motions of electrons in a periodic 

lattice potential. The eigenvalues of the solution of the Schrödinger equation proposed by Bloch, 

are the energy bands shaped by the electron crystalline momentum k, and it can be seen as the 

solid-state analogue to the discrete energy levels in atoms.  Within the band theory of solids, a 

metal is defined as a material with a partially filled valence band whereas an insulator exhibits a 

completely filled band. The classification of solid-state properties using band theory has been 

extremely successful. However, not all materials with a predicted partially filled band (in 

particular TMOs) show the conducting behaviour[40]. 

To understand this discrepancy, it is necessary to remember that band theory and the Bloch 

theorem have been developed within the independent particles approximation. As proposed by 

the Nobel prize N.F. Mott[41], introducing the Coulomb interaction among electrons we observe 

spatially localised electronic wave functions. Including a mutual electron repulsion, it is possible 

to explain the insulating behaviour of some oxides (e.g., NiO) and predict metals insulator 

transitions. However, electron correlation is not the only way in which an MIT can occur. 

 

Figure 1.1.1: Three main mechanisms for a metal-insulator transition (MIT). 

A complete theoretical description of the criteria that leads to MIT in solids is behind the purpose 

of this thesis and a rigorous treatment is available in the literature[42]. In the next sections, the 

three main MIT mechanisms will be described: the electron correlation induced Mott-Hubbard 

transition, the structurally driven Peierls transition and the disorder based Anderson 

localization. 

 

1.1.1 Mott-Hubbard transition 
 

Mott-Hubbard metal-insulator transition is a first-order transition generated by the strong 

mutual repulsion between electrons inside the solid. Transition metal oxides as well rare earths 

compounds can form crystalline solids with narrow d or f bands and therefore a narrow kinetic 

energy distribution. In certain cases, when the electron density is too high and the mutual 
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Coulomb interaction is higher than the kinetic energy dispersion there is an energy gain if the d 

or f wave functions are localized around the metal ion instead of being itinerant i.e. a bandgap 

is opened.  

These classes of compounds are called Mott insulators. Mott proposed a general criterion (Mott 

criterion) according to which a conventional band metal actually behaves as an insulator when: 

ahN1/3≲ 0.25     (1.1.1) 

where ah is the effective Bohr radius of the valence electrons, and N is the electron density. 

Mott suggested that the metallic state occurs in these materials as an excited state while the 

(Mott) insulator electronic structure is associated with electron-hole excitons[43]. An equivalent 

point of view is to consider that in strongly correlated systems the conduction happens through 

tunneling mechanism. Therefore, the presence of insulating or metallic states is determined by 

the relative magnitude of the mutual Coulomb repulsion between two electrons on the same 

site and the energy transfer integral.  

Mott suggested that MIT should be sharp since as soon as electrons have enough kinetic energy 

to overcome the tunnel barrier, the system turns to metallic. Hubbard presented a more 

rigorous, but still semi-quantitative, description of the Mott transition introducing the effects of 

correlation in the Hamiltonian of interaction[34]. He formalized the second quantization 

Hamiltonian as composed of two terms: the first accounts for the hopping of one electron 

among different sites, and the second for the mutual electron-electron Coulomb interaction. 

The Hubbard model can be seen as an implementation of the tight-binding model in which also 

the on-site Coulomb repulsion is considered. Competition between the hopping energy and the 

Coulomb repulsion determines the physics described by the Hubbard model. The Hubbard 

Hamiltonian has been extremely successful since it predicts the existence of a Mott insulator 

when the Coulomb repulsion (U) dominates over the hopping term. However, the energy gap 

due to electronic correlation shrinks continuously as the ratio of electron bandwidth (W) to U 

increases and becomes zero at a critical ratio when the insulator to metal transition occurs. This 

is not a sharp transition as predicted by Mott and it is a consequence of neglecting the inter-

atomic Coulomb term, which is responsible for the screening effects. Despite the great success 

of the Hubbard model, it only approximates the exact solutions.  Even though theoretical 

methods moved forward there is not yet a general consensus on one specific model [33,35,38]. 

In synthesis, the Mott-Hubbard transition splits a valence band with metal character (d-band) in 

a bonding and anti-bonding contribution. Among the different experimental techniques, it can 

be detected using the optical conductivity while XANES investigates the collapse of the bandgap 

across the phase transition. At variance, the photoemission technique may discriminate 

between the coherent and incoherent quasi-particle excitations in the valence band. In this 

thesis, XANES coupled with ResPES has been used to monitor the closing of the bandgap and the 

Fermi Level (FL) population in order to find a correlation with the different structural properties 

of our strained samples.  
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1.1.2 Peierls transition 
 

Peierls transition is a structural phase transition occurring in one-dimensional (1-D) systems. In 

an equally spaced atomic mono-dimensional system, the electron-phonon interaction is such to 

lead to the formation of atomic dimers doubling the lattice period. A bandgap at the FL is opened 

as a consequence of the change in periodicity, turning the system from conductive to insulating. 

Despite a pure 1-D system is an ideal model, Peierls transition is of extreme interest for 

materials, which possess 1-D-like features, e.g.: polymer chains, 3-D solids with a strongly 

directional orbital order or quasi 2-D layered materials, e.g., transition metal dichalcogenides, 

which exhibit a super-lattice distortion with the doubling of the lattice period. 

 

Figure 1.1.2: Schematic representation of the Peierls distortion. Top panel: 1-D chain of monovalent atoms along 
with the density of charge distribution (ρ) and the energy-crystalline momentum dispersion relation in the 

undistorted scenario. Bottom panel: atomic dimerization with the consequent modulation of the charge distribution 
and doubling of the lattice constant. In this distorted scenario, the bandgap opens at kF. 

 

Rudolf Peierls demonstrated this theorem in the 1930s when writing a section on one-

dimensional models in an introductory solid-state textbook [37]. His theorem states that a one-

dimensional (1-D) chain of monovalent atoms is unstable, but except in the book, he never 

published its description. Considering a 1-D atomic chain formed by N equally spaced atoms, the 

Hamiltonian describing the system can be written as the sum of the free electron Hamiltonian 

H0 and V(x), a periodic lattice potential. Using the second-order perturbation theory to develop 
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the periodic potential contributions it can be demonstrated that the minimum energy 

configuration is that corresponding to the dimerization of the atomic chain with the concurrent 

opening of the bandgap at kF. In the lower panel of Figure 1.1.2, is reported the distorted 

configuration with the gap opening. 

The pairs of atoms double the lattice period and create two different bond lengths. The opening 

of the bandgap in the single-particle excitation spectrum, push the electrons around kf toward 

lower energy levels respect to the unperturbed case. The Peierls distortion is energetically 

favourable when the energy savings due to the band gaps opening outweighs the elastic energy 

necessary for ion rearrangements. In the distorted chain the electrons condensate forming 

electrons-holes pairs is characterized by a collective mode with wave vector 2kf and the charge 

density distribution defined as [44]: 

𝜌(𝑟) = 𝜌0 + 𝜌1cos (2𝑘𝑓𝑟 + 𝜑)    (1.1.2) 

where ρ0 is the unperturbed charge density (constant), ρ1 is the amplitude of the oscillation and 

φ is the phase shift.  The condensate is called Charge Density Wave and its formation is mainly 

a 1-D phenomenon, even if it has been observed also in 2-D and 3-D systems [44]. It is important 

to underline that the Peierls transition is mainly observed when thermal excitations are 

minimized, i.e. at low temperature. Increasing the temperature, the atomic chain may acquire 

enough vibrational energy to arrest the dimerization and therefore to close the bandgap. The 

Peierls distortion can be experimentally observed using all those techniques able to track, 

directly or indirectly, the atomic positions within a solid. X-ray diffraction (XRD), X-ray 

Absorption Fine Structure (XAFS) for bulk materials and Low Energy Electron Diffraction (LEED) 

for 2-D materials can directly probe the atomic pair formation and the doubling of the unit cell 

across the transition. Techniques like Raman spectroscopy and XANES can be also used to probe 

the transition from the spectroscopic signature (the vibrational mode and the empty band 

formation, respectively) following the atoms dimerization.  

In this thesis, XANES spectroscopy has been used to investigate the empty band evolution across 

the VO2 phase transition for samples with different structural properties. As will be explained in 

section 1.3.2, the Peierls distortion results in the spectroscopic fingerprint of the empty density 

of states, which evolution has been studied by means of XANES. 

 

1.1.3 Anderson localization 
 

In 1958 Philip Anderson published his seminal paper on how the presence of a critical amount 

of disorder can turn a metal into an insulator[45]. The conduction reduction is associated with 

the spatial localization around the lattice ion of the electronic wave function.  Anderson 

localization can be understood as an interference phenomenon. In the original manuscript, a 

tight-binding model in which the electron can hop from a site to another via tunnel effect 

describes the model. Nevertheless, increasing the degree of disorder the forward propagation 

quantum amplitudes tend to zero because of the destructive interference, resulting in a 

localized wave function. An equivalent model has been proposed in the literature in which the 

incoming wave is scattered off from the disorder-generated potential. For a high enough 

disorder, the waves interfere destructively resulting in an exponential decay of the 

amplitude[46,47]. 
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The main results of the Anderson analysis are two: 

 in the case of one and two dimensions solid, an arbitrary degree of disorder results in the 

localization of the wave functions; 

 in the case of three-dimensional solids exists a critical value of W above which the conduction 

is inhibited. W is the width of the stochastic distribution of the eigenvalues of the Anderson 

Hamiltonian.  
 

W is usually as big as the mean Schrödinger equation eigenvalues energy, therefore a 

perturbative approach cannot be pursued. However, advanced numerical approaches are being 

developed in order to simulate and predict the disorder-induced degree of localization in solids. 

In the Anderson MIT, the FL occupation is coupled to the transition from disorder to order. The 

combination of experimental techniques sensitive to sample order and to FL occupation can be 

exploited to study the Anderson localization. In this thesis, we used the combination of XANES 

and ResPES to investigate the local order and the evolution of the metallicity of the VO2 

nanostructured disordered sample subjects to the heating treatment.  
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1.2 VO2 structural properties 
 

The crystalline structure of VO2 is different in the metallic and insulating states. In the high-

temperature metallic phase (above 67 °C in single crystal) VO2 has a lattice structure belonging 

to the tetragonal symmetry. This phase is commonly referred to as rutile. The vanadium atoms 

are positioned at (0,0,0) and (½, ½, ½) with ar=br=4.554 Å and cr=2.851 Å [48,49]. According to 

the Pauling rules[50], vanadium atoms are surrounded by oxygen octahedra, which can be 

considered the basic coordination complex of the crystal structure.  The octahedron sites share 

edges only along cr (rutile c axis) which introduces a small orthorhombic distortion within the 

octahedron[36] generating two different V-O distances: equatorial end apical. The two apical 

oxygen have position ± (u, u, 0) while the four equatorial oxygen atoms ±(±(u-½), ∓(u-½); ½) 

where u=0.3001 at 360 K[48,49]. The equatorial distance is between the metal atom and the 

four neighboring oxygen atoms with z =zmetal ± ½. 

Apical and equatorial V-O bond lengths depend on the unit cell edges length, i.e. lattice 

parameters. In particular apical V-O (JA) linearly depends on the ar length: 

𝐽𝐴𝑝𝑖𝑐𝑎𝑙 = 𝐽𝐴 = √𝑢2𝑎𝑟
2 + 𝑢2𝑏𝑟

2 = √2𝑢2𝑎𝑟
2 = √2𝑢𝑎𝑟   (1.2.1) 

The equatorial bond length (JE) includes all the lattice parameters. 

𝐽𝐸𝑞𝑢𝑎𝑡𝑜𝑟𝑖𝑎𝑙 = 𝐽𝐸 = √(𝑢 −
1

2
)2𝑎𝑟

2 + (𝑢 −
1

2
)2𝑏𝑟

2 +
1

4
𝑐𝑟

2 = √2(𝑢 −
1

2
)2𝑎𝑟

2 +
1

4
𝑐𝑟

2  (1.2.2) 

 

 

Figure 1.2.1: Schematic representation of the high temperature tetragonal (left) and low temperature monoclinic 
(right) unit cell. Only V atoms are depicted for clarity (red dots). In the low-temperature monoclinic phase, the 
unitary cell (dashed black line) is doubled respect to the tetragonal structure (continuous black line). The V-V 
dimerization and tilting results in the appearance of two V-V distances. The values are taken from[51]. The doubling 
of the unit cell and the V-V dimerization are a fingerprint of a Peierls transition. 

The low-temperature phase is the distorted high-temperature structure and belongs to the 

monoclinic symmetry. Across the phase transformation, the vanadium atoms pairs and tilt along 

the rutile c axis. As can be seen in Figure 1.2.1 the unit cell doubles the size respect to the 

tetragonal phase and two different V-V lengths appear along the am (cr) axis. The sum of the 

inter-pair and of the extra-pair distances is ≈ am ≈ 2cr, which is the fingerprint of the Peierls 
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transition. The crystal structure parameters are: am=5.751 Å, bm=4.537 Å, cm=5.382 Å, 

β=122.646°[52].  

This insulating phase is called M1. The structural phase transition is usually concomitant with 

the MIT. However the influence of external parameters like strain[53,54] or pressure[55], or 

studying the photo-induced transition on the ultra-fast timescale[13,56], MIT and Structural 

Phase Transition (SPT) can be separated, and different monoclinic distorted metastable phases 

can be observed e.g. M2 and T[57]. M2 phase is characterized by the existence of two sub-lattice 

of vanadium atoms: in the first, they are paired along the cr axis but not tilted, in the second 

they are not paired but tilted perpendicularly to the cr axis. The T phase is intermediate between 

the M1 and M2 in which part of the vanadium atoms are unpaired and part are tilted. 

The existence of the metastable insulating phases of VO2 can no longer be explained with the 

electron-phonon interaction, pointing out the important role of electron correlation in VO2 MIT.  
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1.3 VO2 Band structure 
 

To have a deep insight into the MIT mechanism, it is necessary to understand how the band 

structure evolves when crossing the phase transition. Understanding how the orbital features 

are connected to the other degrees of freedom involved in the MIT is of crucial importance. 

In VO2 the band structure is the result of the respective arrangements of vanadium and oxygen 

atoms, electron correlation and O-V hybridization. In TMO the oxygen atoms have a complex 

influence on the energy levels of the TM atom. The first attempt made to explain the effect of 

the oxygen (or ligand) geometric arrangement on the transition metal orbitals has been made 

by Bethe and Van Vleck in the early years of 1930 [58,59] with the introduction of crystal field 

theory. 

 

1.3.1 Crystal Field theory 
 

Crystal field theory (CFT) describes the degeneracy breaking of the outer valence orbitals (in the 

case of study V 3d orbitals) induced by an electrostatic negative charge distribution (anions or 

ligands). This theory has been often applied to describe TM coordination complexes, in which 

the central atom usually metallic (coordination centre) is surrounded by oxygen atoms or 

molecules with ligand character. 

A brief overview of CFT highlighting its main characteristics is proposed in this section. 

In CFT the coordination centre and the ligands are respectively considered as positive and 

negatives point charges. The theory defines the energy changes undergone by the outer 3d 

manifold of TM atoms when surrounded by oxygen atoms. The interaction between the ligand 

and coordination centre orbitals are not taken into account in this theory. The proximity of the 

ligand atoms to the coordination centre, implies that the ligand is closer to certain 3d orbitals 

and further to others, lifting the degeneracy.  The details of the energy splitting are mostly 

dominated by:  

 The nature of the ligands and of the metal atoms,  

 The coordination of the central atoms, which determines the geometric arrangements 

of the ligands. 
 

In vanadium oxides, the ligands dispose at the vertex of an octahedron with the vanadium atom 

in the middle [50]. The octahedral coordination is one of the most common in transition metals 

oxides; in addition, the other coordination geometries (tetrahedral, trigonal, etc.) can be 

described starting from the octahedral case. To understand how the degeneracy is removed by 

the octahedral crystal field, it is necessary to remember the orientation of the five 3d orbitals. 

Given a Cartesian frame of reference XYZ (see Figure 1.3.1a), the five d orbitals are directed 

toward different directions. The orbital 𝑑𝑧2 points toward the Z axes, 𝑑𝑥2−𝑦2 toward the X and 

Y axes and 𝑑𝑥𝑦 𝑑𝑧𝑥  and 𝑑𝑦𝑧 are directed along the bisector of the XY, ZX and YZ planes 

respectively. Assuming the presence of a spherically symmetric negative field surrounding the 



15 
 

central atom, the atomic degenerate 3d manifold is lifted in energy since al the orbitals feel the 

same electric field.  

 

Figure 1.3.1: a) Vanadium (red) and oxygen (blue) atoms arrangement. The frame of reference XYZ is also depicted 
for clarity. b) Diagram of the energy level splitting in an octahedral crystal field 

If 6 negatively charged ligands are placed: 2 along the Z-axis and 4 along the XY plane bisectors 

(as in figure 1.3.1a) the 3d manifold is split as reported in Figure 1.3.1b. The orbitals 𝑑𝑧2 and 𝑑𝑥𝑦 

which points directly along with the ligands, undergoes a higher repulsion by oxygen presence 

therefore they are lifted in energy. On the other hand, the orbital 𝑑𝑥2−𝑦2, 𝑑𝑧𝑥  and 𝑑𝑦𝑧 pointing 

between the ligand atoms are less influenced. There is a loss of degeneracy that results in the 

splitting of the 3d manifold in two groups of orbitals: 𝑑𝑧2, 𝑑𝑥𝑦  and  𝑑𝑥2−𝑦2 , 𝑑𝑧𝑥  and 𝑑𝑦𝑧. 

According to group theory, the octahedral symmetry belongs to the point group Oh.  𝑑𝑧2, 𝑑𝑥𝑦  

belong to the irreducible representation eg whereas 𝑑𝑥2−𝑦2 , 𝑑𝑧𝑥  and 𝑑𝑦𝑧 to the t2g. The 

octahedral field has the effect of splitting the 3d manifold in two high energy eg and three low 

energy t2g levels. The energy separating the two groups of orbitals Δoct (or often 10Dq) is called 

crystal field splitting. Referring to the energy of the spherical field, the octahedron geometry 

lifts the eg levels of 0.6Δoct while lower the t2g of 0.4 Δoct.  

The crystal field splitting can be measured through absorption spectroscopies (UV-VIS or XANES) 

and it is a direct measure of the order of the geometric arrangement of the ligands around the 

central atom. Distortion effects of the Jahn-Teller type can additionally split the energy levels 

and thus reduce Δoct allowing to extract information about the short-range order of the sample.  

 

1.3.2 Ligand Field Theory 
 

Ligand field theory (LFT) is the application of molecular orbital theory to transition metal 

complexes. The basic of LFT is the introduction of the interaction between the metal and ligand 

orbitals within the CFT framework. It has been developed at the end of 1950 by B. S. Griffith and 

L. Orgel [60] with the purpose to increase the accuracy of CFT. 

Orbitals combination between metal and ligands are allowed only between states with the same 

symmetry. In an octahedral field, the oxygen atoms form σ bonds with the 𝑑𝑧2 and 𝑑𝑥𝑦 orbitals. 

In VO2 the 𝑑𝑧𝑥  and 𝑑𝑦𝑧 forms π type bonds with the oxygen orbitals leaving 𝑑𝑥2−𝑦2 non-bonding.  

The first description of the VO2 band structure by LFT is due to J.B. Goodenough in 1971[36]. The 

Goodenough model collected a wide consensus in the scientific community and a schematic 

diagram is proposed in Figure 1.3.2. 
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Figure 1.3.2: Oxygen-Vanadium orbital contribution to the VO2 (metallic phase) band structure. The V t2g orbitals are 
further split because of the orthorhombic distortion into one non-degenerate a1g and twofold degenerate eg. The 

grey-shaded orbitals are occupied by electrons, while the white orbitals indicate empty states. Only the V 3d and O 
2p orbitals are depicted for clarity.  

Crystal field-effect splits the degenerate 3d manifold into 3 t2g and 2 eσ
g levels. The 2 degenerate 

eσ
g overlap with oxygen p orbitals with σ character (pσ). The bonding and anti-bonding 

combinations of the eσ
g-pσ bonds are labelled as σ and σ*. A small orthorhombic distortion 

directed along the cr axis (X-axis in the XYZ frame of reference of Figure 1.2.1a), further splits 

the 3 t2g levels in one not degenerate a1g and twofold degenerate eπ
g states. The eπ

g orbitals 

hybridize with the π symmetric O 2p orbitals (pπ) while the a1g orbital is not involved in the V-O 

bonding. The eπ
g -pπ orbital admixture results in a bonding π band and in an anti-bonding π* 

band. The a1g is formed by the 𝑑𝑥2−𝑦2 orbital and is directed along the cr (am) axis and is 

responsible for vanadium-vanadium intermetallic bonds. The latter orbital is historically called 

𝑑||. 

The major spectral changes across the MIT occur at the Fermi Level (FL), in Figure 1.3.3 are 

depicted the detailed orbital evolution of the VO2 band structure crossing the phase 

transformation.  

In the metallic phase (Figure 1.3.3a) the 𝑑|| and π* orbitals cross the FL and are partially 

degenerate. Their relative position (respect to the FL) and occupation depend on the 

hybridization between V 3d and O 2p orbitals and by the cr/ar ratio as will be explained in section 

2.1.1. In bulk crystalline VO2 π* is less occupied (or more empty) respect to 𝑑||. For the 

occurrence of MIT the 𝑑|| needs to be stabilized (lowered in energy) and π* destabilized (shifted 

to higher energy) respect to the FL. The structural distortion described in the previous section, 

pairs and tilts V atoms moving them away from the center of the octahedron.  

In the insulating phase (Figure 1.3.3b) the dimerization of vanadium atoms increases the overlap 

of the 𝑑|| orbital on different V sites, therefore, stabilizing to lower energy the 𝑑|| orbital while 

creating the empty 𝑑||
∗  (t2g character) band. The off-centre position of V atoms in the insulating 

state increases also the overlap between vanadium and oxygen atoms which results in increased 
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stabilization of the π band and therefore the consequent destabilization of the π*, which is 

shifted above the FL [36]. 

 

 

Figure 1.3.3: Band structure modifications across the MIT near the Fermi level. a) metallic phase, b) insulating phase. 
The grey-shaded orbitals are occupied by electrons, while the white orbitals indicate empty states. 

In the insulating phase (Figure 1.3.3b) the dimerization of vanadium atoms increases the overlap 

of the 𝑑|| orbital on different V sites, therefore, stabilizing to lower energy the 𝑑|| orbital while 

creating the empty 𝑑||
∗  (t2g character) band. The off-centre position of V atoms in the insulating 

state increases also the overlap between vanadium and oxygen atoms which results in increased 

stabilization of the π band and therefore the consequent destabilization of the π*, which is 

shifted above the FL [36]. The 𝑑||
∗  is directed along the cr axis in the metallic phase and along the 

V-V dimer in the insulating phase and it is strictly related with the unidimensional V-V dimer 

chain formation in the monoclinic insulating phase [61], while the π* is more isotropic within 

the lattice [62]. The model proposed by Goodenough depicts a structurally driven phase 

transition triggered by V-V pairing and tilting. However, Zylbersztejn and Mott argued that the 

vanadium atoms dimerization is not necessary to the opening of the bandgap since M2 and T 

phases, which have only half of the vanadium atoms paired are still insulating, pointing out the 

role of the electron-electron interaction [33]. In any case, it is evident the interplay of the 

structural orbital and the electronic degree of freedom in the MIT dynamics. In the next chapters 

will discuss how the lattice structure affects the orbital ordering. Three strained samples with 

different degrees of unit cell distortion and completely disordered samples (lack of long and 

short-range order) will be investigated. Their synthesis methods and structural properties are 

described in Chapter 2. The complex interplay among the different degrees of freedom will be 

discussed in Chapter 3 using advanced spectroscopic techniques like XANES and ResPES. There 

I will provide an insight into the FL occupation evolution and in the orbital dynamics across the 

MIT. Chapter 4 will present additional information about the orbital contribution to the MIT by 

means of the Constant Initial State (CIS) spectroscopy.  
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VO2 MIT features (transition temperature, hysteresis width and amplitude) are deeply 

influenced by sample structure (single crystal, polycrystalline, disordered samples, etc.) [63].  

In section 1.3.2 it has been shown the importance of vanadium and oxygen relative position to 

determine the electronic structure properties of VO2. V-O arrangements can be controlled 

during the materials synthesis stage and, thus having the possibility to study the VO2 electronic 

structure under different lattice conditions. The production of VO2 films with different structural 

properties is therefore essential in order to understand the combined influence of electronic 

and lattice degrees of freedom on MIT.  

Two main approaches have been adopted to modify vanadium and oxygen atoms disposition 

within the lattice: synthesis of strained samples and synthesis of NS samples.  

In this chapter, a survey of the synthesis methods used to produce the samples discussed in this 

thesis is presented.  Section 2.1 is devoted to a brief overview of Molecular Beam Epitaxy (MBE) 

technique, which allowed to synthesize strained crystalline samples. In Section 2.2 the use of 

Supersonic Cluster Beam Deposition (SCBD) method for NS VOx films production is presented. 

This method allowed us to obtain disordered VO2 films.  

 

2.1 Thin and ultrathin strained samples synthesis: MBE 
 

Lattice strain is an effective way to slightly modify in a controlled fashion the atoms' positions 

within a solid.  Strain application relies on the ability to synthesize thin crystalline samples on a 

properly oriented substrate. The lattice mismatch between the sample and the substrate must 

not be too severe therefore the substrate needs to have the same lattice symmetry of the 

sample deposited but with different unit cell edges length. In the early stage of growth, the 

lattice of the deposited sample undergoes a strain (tensile or compressive depending on the 

substrate choice) in order to match the lattice parameters of the substrate. Increasing the 

sample thickness the lattice relaxes to its bulk value. 

Strain control has been proven as an effective method to tune MIT features (critical 

temperature, orbital occupancy, etc. ) in VO2 [62,64,65]. The interest in developing a technique 

able to synthesize single-crystalline samples controlling their cell edges length is twofold: the 

MIT control and the understanding of its nature. 

MBE matches all the latter requirements allowing the synthesis of samples of pure VO2 with 

different degrees of strain.  

Epitaxy refers to the discipline of growing crystalline materials on a crystalline substrate. Among 

the different deposition techniques developed to produce crystalline overlayers, MBE proved its 

importance in the synthesis of monocrystalline thin films of complex oxides [66]. 

MBE was developed by J. R. Arthur and Alfred Y. Cho in the late 60s at Bell laboratories [67,68] 

and it takes place in ultra-high-vacuum (UHV) conditions (10-10 mbar). In MBE the material of 

interest, usually a metal, is heated within a crucible placed inside the UHV deposition chamber. 

The heating process is carried on until the metal slowly begins the sublimation process. The UHV 

environment guarantees to the evaporated atoms a mean free path long enough to impact on 

the substrate surface where the condensation begins. Different elements can be evaporated at 

the same time, enabling the synthesis of complex compounds.  
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Figure 2.1.1: schematic representation of a MBE deposition apparatus.  

The strength point of MBE is the constant deposition rate (typically of the order of 0.1 Å/s) that 

allows the films to grow epitaxially. The amount of heat supplied to the crucible defines the rate 

of the metals evaporation and the deposition rate on the substrate. 

 In order to produce single-crystal metal oxide thin films, it is necessary to introduce oxygen in 

the experimental chamber using a mass flow controller.  

Radio Frequency (RF) assisted Oxide MBE is often performed. In this variant of the MBE process, 

an RF plasma source is used to provide reactive oxygen radicals that will interact with the metals 

atom at the moment of deposition.   

In this thesis we investigated films of VO2 with a thickness of 8, 16 and 32 nm deposited on a 

clean substrate of TiO2 (001) by the RF-plasma assisted oxide-MBE instrument, working with a 

base pressure better than 4x10-9 mbar. At a constant growth rate of 0.1 Å/s, the thickness was 

controlled by adjusting the deposition time in a range from several unit cells to tens of 

nanometers. During the deposition, the substrate has been kept at 550 °C.  

The interfacial cross-section has been investigated with a high-resolution scanning transmission 

electron microscope (STEM). High angle annular dark-field (HAADF) STEM images were taken on 

a JEM ARM200F with a probe aberration corrector, while the diffraction pattern was acquired 

on a JEM 2100 TEM. The complete details of the epitaxial film preparation and characterization 

performed at the University of Science and Technology (Hefei, P.R. China) are reported 

elsewhere [64,65].  

The samples have been produced in China and moved to Elettra synchrotron radiation facility 

for ex-situ investigation. 

In the following, the strain-induced modification of the VO2 crystal structure is reported. 
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2.1.1 Strain influence on structural properties 
 

The TiO2 substrate has the rutile (tetragonal) lattice structure as the metallic phase of VO2. For 

the rest of this section, most of the considerations are referred to as the rutile phase of VO2.  

TiO2 substrate is oriented along the (001) surface, thus for the lattice mismatch calculation, the 

a and b structural parameters have to be addressed.  

The in-plane lattice mismatch between sample and substrate can be calculated as: 

𝑀 =
𝑎𝑠−𝑎𝑓

𝑎𝑓
∗ 100    (2.1.1) 

Where as and af are the lengths of cell edges of the substrate and of the sample, respectively. 

Between rutile TiO2 (a=b=4.58 Å) and bulk VO2 (a=b=4.55 Å) there is a lattice mismatch M=0.66%. 

Since titanium dioxide has larger unit cell edges, during the early stage of epitaxial grow, VO2 

film will undergo a tensile strain in order to match the substrate lattice. For a thin film, the net 

effect is that of an increase of ar and br lattice constant and the consequent elastic compression 

of cr [24,62,64]. Increasing the overlayer thickness, the influence of the substrate fades and the 

lattice constants relax to the bulk value.  

For the samples analyzed in this thesis, the critical thickness above which the sample can be 

considered bulk-like is 25.5 nm [64]. 

 

Figure 2.1.2: Schematic representation of the rutile metallic VO2 unit cell (left) and oxygen octahedron surrounding 
vanadium atoms (right) for bulk and strained VO2/TiO2(001). The oxygen octahedra are depicted to underline the 

orthorhombic distortion that allows differentiating between equatorial and apical oxygen. The mismatch between 
TiO2 (ar=br=4.58 Å) and VO2 (ar=br=4.55 Å) increases the ar and br lattice parameter in the epitaxial film and thus 

decrease cr. This results in an increase in the apical V-O bond length. 

From equations 1.2.1-2 we can observe that Ja increases as ar, i.e. the strain, increases, while Je 

is more or less unchanged since the increase in ar is compensated by the decrease of cr [62].  
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The increase of the apical bond length reduces the overlap between oxygen and vanadium 

orbitals and therefore the 3d-2p hybridization. The π* orbital is the most affected. The decrease 

in metal-ligand hybridization results in a decrease of the bonding-antibonding energy 

separation, consequently the π* orbital is downshifted in energy.  

The 𝑑||
∗  experience the opposite situation, decreasing cr increases the orbital overlap between 

vanadium atoms, upshifting the 𝑑||
∗ .  

 

Figure 2.1.3: Orbital evolution as a function of strain for the metallic (top panel) and insulating phase (bottom 
panel). 

In the metal phase the empty part of the 𝑑||
  band is referred to as 𝑑||

∗ . 

The control over the lattice degree of freedom is critical in order to tune the electronic 

properties of VO2. 

 A detailed overview of the interplay between lattice and electronic structure is exposed in 

Chapters 3 and 4 where three epitaxial films of VO2/TiO2(001) with thickness 8, 16 and 32 nm 

are investigated. The availability of different strained sample (from ultra-strained 8 nm film to 

bulk-like 32 nm film) is invaluable to understand the lattice influence over the MIT.  
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2.2 Nanostructured VOx samples synthesis: Supersonic 

Cluster Beam Deposition 
 

The class of NS includes solids whose constitutive elements have dimensions ranging from few, 

up to tens of nm.  This definition stands for materials made of different building blocks e.g. nano-

crystalline domains, nanoparticles or clusters, nm thin heterostructures, etc. In literature there 

is not a sharp difference between nanoparticles and clusters; however, there is a general 

tendency to consider clusters as a small aggregate of few atoms, while nanoparticles indicate an 

aggregate of at least 3*102 atoms. In this thesis clusters and nanoparticles will be used as 

synonyms.  

NS materials of great interest are those assembled by atomic clusters. These are an aggregation 

of atoms standing at midway between free atoms and bulk solids.  The reduced dimensions 

guarantee a higher surface to volume (S/V) ratio respect to the bulk, increasing their chemical 

reactivity [69]. Moreover, their optical, structural and electronic properties depend on the 

number of constituent atoms [70–72]. In principle, precise control of the synthesis and 

knowledge of the aggregation properties could lead to the production of nanostructured 

materials, using clusters as “super-atoms”.  

Accurate control over the synthesis parameter is particularly important for VOx NS films due to 

the huge variety of oxidation state of vanadium [73].  

Supersonic Cluster Beam Deposition (SCBD) has emerged as an invaluable tool for the synthesis 

of cluster assembled materials because of its high stability and intense cluster production [74]. 

In the next section the general principles of supersonic expansion, on which SCBD relies, will be 

presented. 

 

2.2.1 Supersonic expansion of cluster beam  
 

The basic thermodynamic considerations reported in this section have the purpose to highlight 

the main features of the supersonic expansion of the cluster beam.  A complete thermodynamic 

description can be found in the literature [75,76]. 

A cluster beam, or more in general, a molecular beam, originates from the expansion of a gas 

from a high-pressure region P0 to a low-pressure region Pb (usually high vacuum). The expansion 

between the two regions occurs through a low conductance nozzle. If P0/Pb is high enough the 

expansion of the gas is not dependent on the background pressure and the molecular beam 

increases its velocity surpassing the sound velocity. The supersonic expansion generates a 

turbulence region called Mach disk which discriminates between the sub-sonic and the 

supersonic regime. 
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Figure 2.2.1: Schematic representation of an apparatus for molecular beam productions. 

The produced beam is extracted from the expansion chamber and brought to the experimental 

chamber using a conical skimmer before the turbulence region induced by the Mach disc.  

In general, if we consider a continuous flow of an ideal gas, the supersonic expansion can be 

considered isentropic neglecting viscosity and heat transfer effects. It is convenient for studying 

the system in terms of enthalpy. The stagnation enthalpy of the source chamber can be written 

as: 

𝐻0 = 𝑐𝑝𝑇0     (2.2.1) 

Where H0 is the stagnation enthalpy, cp is the constant pressure molar specific heat and T0 the 

initial temperature of the source. During the expansion because of energy conservation, part of 

the stagnation enthalpy is converted into kinetic energy. 

𝐻0 = 𝐻 +
1

2
𝑚𝑣2 =  𝑐𝑝𝑇 +

1

2
𝑚𝑣2   (2.2.2) 

In isentropic approximation, a supersonic expansion implies a cooling of the gas jet. In fact, 

equation 2.2.2 is valid only if T0>T, therefore part of the energy of the other degrees of freedom 

converts into translational energy.       

If the expansion is efficient the residual enthalpy H tends to 0 (T<<T0) therefore the limit value 

of the kinetic energy is  

1

2
𝑚𝑣𝑡

2 = 𝑐𝑝𝑇0     (2.2.3) 

Where vt is the terminal velocity. It is useful to remind that for an ideal gas, the following 

relations are valid: 

𝑐𝑣 =
1

2
𝑓𝑅     (2.2.4) 

𝑐𝑝 = 𝑐𝑣 + 𝑅      (2.2.5) 

𝑐𝑝

𝑐𝑣
= 𝛾      (2.2.6) 

𝑐𝑝 =
𝑅𝛾

𝛾−1
     (2.2.7) 

Where cv is the constant volume specific heat, cp is the constant pressure specific heat, R is the 

universal gas constant and f is the number of gas degrees of freedom.  

Exploiting equations 2.2.4-7, the terminal velocity can be written as: 
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𝑣𝑡 = √
2

𝑚
𝑇0𝑅(1 +

1

2
𝑓) = √

2

𝑚
𝑇0𝑅

𝛾

𝛾−1
    (2.2.8) 

Supersonic beams can also be pulsed i.e. the source is turned on for a short interval 

periodically in time. The main advantage of using a pulsed source is the peak intensity is higher 

respect to continuous sources. In fact, Pb is considerably lower since the background gas is 

pumped away while the source is turned off, allowing to gain up to a factor of 103 on the peak 

intensity.  

The thermodynamic relations described in this section hold also in the case of small 

perturbation of the “ideal gas” hypothesis. When the molecular beam contains particles of 

different species, it is called a seeded beam. In SCBD an inert gas (or carrier gas) is seeded with 

a diluted quantity of clusters (1-10% of the total pressure) so that the seeded beam can be 

treated as a small perturbation of the pure gas case. The cluster beam is composed of different 

species (the carrier gas atoms and clusters with different masses). Therefore the specific heat, 

the terminal velocity, and the average mass need to be defined using a weighted average. Each 

element of mass mi has energy: 

 

 

 𝐸𝑖 ≈
𝑚𝑖

𝑚̅
𝑇0     (2.2.9) 

Where 𝑚̅ is the average mass and mi the mass of the i-th specie. In synthesis, a heavy species 

will be accelerated if diluted into a light carrier gas and vice versa. Taking into account the 

difference in mass between the carrier gas and the clusters is of fundamental importance for 

the definition of the NS film properties as will be explained in the next section.  

 

2.2.2 Pulsed Micro-Plasma Cluster Source 
 

Pulsed Micro-Plasma Cluster Source (PMCS) [74,77,78] is a pulsed cluster source which proved 

its importance in nanostructured materials synthesis [79–81] and clusters fundamental study 

[82,83].  

 

Figure 2.2.2: Schematic representation of the PMCS: 1) Pulsed valve; 2) Anode 3) Rotating cathode; 4) 
Thermalization cavity; 5) Aerodynamic lenses; 6) Ceramic body. 
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A schematic representation of the PMCS hardware is reported in Figure 2.2.2. A solenoid pulsed 

valve overlooks within the thermalization cavity. An electrode (anode) separates the ceramic 

body and the pulsed valve.  The rotating cathode is inserted in a 6 mm hole that crosses the 

ceramic body perpendicularly to the cluster beam propagation direction.  The PMCS works as 

follows: the pulsed valve injects the carrier gas within the ceramic body with an aperture of the 

order of hundreds of microseconds creating a region of higher gas density between the anode 

and the cathode. A pulsed potential difference (500-1000 V) is applied to the electrodes, with a 

delay of hundreds of microsecond respect to the valve aperture, triggering an intense electrical 

discharge (about 1000 A) with a duration of tens of microseconds. Consequently, between the 

electrodes, a plasma of ionized gas is generated, which will impinge the cathode ablating atoms 

from its surface. The cavity is now filled with an oversaturated gas mixture (carrier gas + ablated 

atoms) that undergoes a thermalization process starting clusters nucleation and condensation 

during the supersonic expansion of the beam. The aerodynamic lenses are necessary to improve 

clusters focusing (especially the small clusters) along the beam direction of propagation and, in 

addition, using the aerodynamic lenses increases the deposition rate [77,84].  

One of the PMCS strengths is the ability to synthesize NS film minimizing clusters coalescence 

effects. To understand how it is possible, it is useful to study the cluster formation process and 

the critical parameters to take into account during the deposition stage. 

The clusters formation in a seeded beam can be seen as the first stage of a phase transition, in 

particular, gas condensation.  A complete theoretical description of the nucleation process [85–

88] goes beyond the purpose of this thesis, however, a qualitative description of the classical 

nucleation theories is helpful to understand how clusters are generated. 

In classical nucleation theory, the clusters’ formation is treated as a gas-liquid phase transition 

[88]. The fundamental ansatz is to assume that the properties of the clusters can be extrapolated 

from those of a macroscopic quantity of the liquid phase, independently of cluster size. 

Therefore, a value of surface tension and chemical potential are assigned to the cluster, as it 

was a spherical droplet. The Gibbs free energy, i.e. the minimum work required to cluster 

formation has the qualitative trend shown in Figure 2.2.3. 

 

Figure 2.2.3: Qualitative representation of the Gibbs free energy trend as a function of cluster size.  
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The value n* is a critical point of the Gibbs free energy and defines two size regions. For n<n* 

the clusters grow increasing their free energy, this region is called embryos region. When 

n>n*the clusters growth is favoured by the decreasing of the free energy. Nucleation is a process 

in which the embryos clusters need to overcome an energy barrier defined by G*(n*) in order 

to grow until observable dimensions. To condensate the gas need to be oversaturated, i.e. for a 

given temperature, the pressure P must be higher than the vapour pressure Pv. In this model, 

the processes responsible for cluster formation are monomer addition and evaporation, which 

compete to reach a steady-state where the growth rate is constant. 

This classical viewpoint is oversimplified and it cannot properly describe the process of cluster 

formation inside a seeded beam. To improve the model, it is necessary to consider that the 

clusters are diluted in the carrier gas and that the monomer addition cannot be the only growth 

channel available [89]. Nevertheless, the general considerations over free energy of classical 

nucleation theory are applicable also to supersonic cluster sources. In a supersonic source, 

during the first stages of expansion, the gas-cluster mixture is cooled down by particles’ 

collisions. When a cluster reaches the size of n* the growth is then favoured by low energy 

monomer-cluster and cluster-cluster collisions. The mass distribution of the cluster is 

determined by the efficiency of these collisions, the geometry of the cluster source and the 

operational parameters [75]. 

After the nucleation process, the clusters beam is deposited on a substrate. The different 

deposition conditions are of paramount importance to determine the nanostructured material 

properties. The crucial parameter is the relative magnitude of the kinetic energy per atom E and 

the binding energy of an atom within the cluster ε.  Upon landing, if E> ε the cluster will fragment 

and a strong coalescence is expected, while if E<ε clusters survive to the impact maintaining 

their individuality.  In supersonic cluster sources usually, the value of E is in the range 0.1-1 

eV/atom and considering the average binding energy of metal clusters [89], SCBD emerges as a 

low energy deposition technique. The different influence of cluster impact energy on 

nanostructured materials property has been widely studied in the literature using experimental 

and theoretical methods [90–93]. It has been shown that during the deposition of clusters with 

a kinetic energy per atom of the order of E≈1 eV fragmentation and coalescence may occur [91]. 

On the other hand, if E≈0.1 eV the impact with the substrate slightly perturb the cluster avoiding 

fragmentation and coalescence with other clusters. Therefore in order to synthesize NS samples 

that retain a memory of their gas-phase precursors, it is necessary to accurately control the 

kinetic energy at the moment of deposition.  

Using equation 2.2.8 the terminal velocity of a cluster at the moment of deposition for a He 

seeded cluster beam and for an Ar seeded cluster beam can be estimated: vt
He=1766 m/s and 

vt
Ar=588.6 m/s.  

The kinetic energy per atom have been calculated for vanadium clusters: 

EHe=0.85 eV/atom 

EAr=0.09 eV/atom  

Using Ar or He as the carrier gas changes E of one order of magnitude. During this thesis, the 

samples have been synthesized, despite elsewhere specified, using Ar as the carrier gas in order 

to minimize fragmentation and coalescence. The synthesis of NS film with a memory of their 

cluster individuality will be experimentally demonstrated in section 2.2.6. 
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An additional strength of the PMCS is its extreme versatility: the ablation-by-discharge clusters 

synthesis is one of the few methods available to produce NS film of all kinds of metals, including 

refractory metals. The “classical” synthesis methods, like MBE, work mainly by evaporation of 

the metal of interest. This could constitute a technical problem when dealing with materials with 

a high melting point. In addition, often dedicated oven for different materials is necessary 

reducing the versatility of the evaporation methods. On the other hand, the only required 

condition to use a PMCS is to have a conductive cathode. Even semiconductors can be used as 

target materials, taking into account that heating of the cathode could be necessary.  

Despite the enormous applicative potential, SCBD by mean of a PMCS has been mostly used to 

produce NS film of pure metal, carbon and transition metal oxide with the highest oxidation 

state [78,79,94,95]. The demonstration that NS film with controllable oxidation state can be 

produced during the synthesis and not just by air passivation, is still lacking.   

During this thesis, we developed a procedure to oxidize the vanadium clusters during the early 

stage of their synthesis. To obtain homogeneously oxidized nanoparticles, we used Ar (high 

purity Ar: 99.9995%, SIAD) as carrier gas, mixed with a controlled amount of oxygen (Table 2.1) 

resulting in an Ar-O2 gas mixture. To probe the oxidation state of the samples, we used X-ray 

Photoelectron Spectroscopy (XPS) as described in section 2.2.3. 

The samples from section 2.2.3 to 2.2.6 have been synthesized in-situ under ultra-high vacuum 

(UHV) conditions (base pressure <210-9 mbar) by using the SCBD apparatus equipped with a 

PMCS which is available at Laboratory TASC-Analytical Division [96]. The PMCS was operated 

with a vanadium cathode (6 mm diam. rod, purity 99.9 %, EvoChem GmbH) generating a 

supersonic beam of vanadium metal or oxide cluster. The working parameters of the PMCS have 

been kept constant for all the samples synthesized (delay between gas injection and discharge 

firing = 0.6 ms; discharge operating voltage 0.925 kV; discharge duration 80 µs; pulsed-valve 

aperture driving signal duration time 157 µs; pulse repetition rate 3 Hz; Ar pressure 70 bar). The 

nanostructured film deposition rate measured by a quartz-crystal microbalance ranged from ~30 

Å/s for pure Ar as the carrier gas, to ~5 Å /s for the highest oxygen concentration.  

To probe the vanadium oxidation state, we deposited VOx films with >300 nm thickness 

(measured using a quartz microbalance) on Si or Cu substrates. The typical size of all the samples 

is about 2 cm2.  

Table 2.1: Stoichiometry of the NS films synthesized at different oxygen partial pressure in the Ar-O2 carrier gas 
mixture. 

Oxygen partial 
pressure [mbar] 

x in VOx 

15 ± 5 0.6 ± 0.02 

40 ± 5 1.5 ± 0.02 

50 ± 5 1.6 ± 0.02 

60 ± 5 2.2 ± 0.02 

70 ± 5 2.45 ± 0.02 

 

The samples were deposited by landing the supersonic beam of nanoparticles onto clean 
substrates placed inside the sample-preparation chamber of the XPS characterization facility and 
transferred, maintaining UHV conditions, via a linear translation manipulator into the analysis 

chamber where pressure was kept below 510-10 mbar. Here they were characterized by X-ray 
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Photoemission Spectroscopy (XPS, section 2.2.3) using an Mg Kα lamp (1253.6 eV, not 
monochromatic) and studied by UPS using a He lamp (UPS, section 2.2.5, He I 21.22 eV) coupled 
to a hemispherical electron analyzer (PSP, 120 mm). The morphology and the size of the clusters 
have been analyzed by Transmission Electron Microscopy (TEM) by means of a field-emission 
TEM (JEM2100F-UHR, JEOL) operated with beam energy 200 KV. 

 

2.2.3 Stoichiometry determination: XPS 
 

Technological applications require precise control over materials properties. Synthesizing 

samples with the necessary features to match the desired applications is of enormous 

importance. Vanadium oxides exhibit a wide range of stoichiometric (VO, V2O3, VO2 and V2O5) 

and mixed-valence oxides (Magneli and Wadsley series) [6]. The ability to select a specific VOx 

stoichiometry during sample synthesis is crucial to exploit vanadium oxides' applicative 

potential.  

To investigate the stoichiometry, i.e., the ratio between oxygen and vanadium atoms, of the 

produced samples, we performed core-level XPS spectra of V 2p and O 1s electrons. A complete 

overview of XPS working principles is reported in Appendix 1. Quantitative information has been 

extracted by fitting simultaneously the line-shape of V 2p and O 1s core-levels which is a known 

indicator of the stoichiometry [97]. For each component (vanadium and oxygen) we used a 

pseudo-Voigt curve [98]. The ratio of the areas of V and O contributions, multiplied by the 

appropriate factors (cross-section, detector sensitivity and spin-orbit branching ration) result in 

the stoichiometric ratio x= [# of oxygen atoms]/[# of vanadium atoms]. From now on we use the 

stoichiometric ratio thus measured, in the range 0≤x≤2.5 to identify VOx samples since exists a 

one to one correspondence between x and a specific sample. 

 

Figure 2.2.4: V 2p and O 1s spectra of vanadium and oxygen. a)  V 2p and O 1s  core-level spectra of all samples. 
Peak positions of the vanadium components for different oxidation states are highlighted by straight vertical lines; b) 
V 2p and O 1s core-level spectra and fit curve of VO2.2. The individual fit components are shown as coloured curves. 

The label O 1s sat indicates the features generated by the Mg Kα3 and Mg Kα4 component of the radiation. 

The core-level spectra of V 2p and O 1s electrons of different vanadium oxides synthesized by 

SCBD are shown in the left panel in Figure 2.2.4; the right panel shows the deconvolution of the 

experimental spectrum into its different fit components for a selected sample (VO2.2). This result 
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proves that the applied method may be used to synthesize VOx
 films with controllable 

stoichiometry in the range 0.5<x<2.45.  

Films with stoichiometry x<1 (VO0.53 in Figure 2.2.4) are called sub-oxides, i.e., oxides in which 

the electropositive element is more abundant than oxygen. Generally, only a severe 

temperature treatment (T>1000 K) under high vacuum allows obtaining vanadium sub-oxides  

[99,100] while using the SCBD method we are able to synthesize them at room temperature.  

 

2.2.4 3d occupancy investigation: Auger L3M23M45 spectroscopy  
 

The stoichiometric vanadium oxides: VO, V2O3, VO2 and V2O5 have nominally 3, 2, 1 and 0 3d 

unpaired electrons, respectively. Auger decays with one hole in the VB (i.e., of the form V XYM4,5) 

probe the V 3d partial density of states (DOS) and therefore can be linked to 3d occupation 

number and to sample stoichiometry. The ideal Auger decay to probe the partial 3d DOS is the 

V L3M45M45, characterized by two holes in the valence band. Unfortunately, in vanadium oxides, 

this decay channel is obscured by the O K L23L23 Auger electrons, even for an extremely low 

amount of oxygen [101]. V L3M23M45 Auger decay is experimentally observable and 3d electrons 

give the main contribution to this channel [102,103].  

 

Figure 2.2.5: Comparison of Auger L3M23M45 spectra of vanadium oxides NS films with stoichiometric ratio 1.27, 1.6 
and 2.2 in the kinetic energy range 455-482 eV. The spectra are vertically shifted for clarity shifted in order to 

highlight the behaviour of features labelled U and V (see text). 

As shown in Figure 2.2.5 the Auger L3M23M45 of vanadium oxides exhibits two main features 

labelled V and U. As pointed out by Sawatzky and Post, these two components are correlated 

with the oxidation state[104]. Feature V becomes dominant as the oxidation state increases: it 

is related to V 3d electrons covalently bound to O 2p electrons. Feature U is associated with 

unpaired 3d electrons. To extract quantitative information about the 3d contribution in the VB, 

we fit the Auger V L3M23M45 spectra using three pseudo-Voigt curves: one for feature V, one for 

feature U, and the last one for the small contribution from the O K L1L1 decay at ~477 eV. The 

background has been modelled using the Shirley curve. The Auger fraction (U/(U+V)) where U 
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and V refer to the area of the two features), can be associated with the fraction of unpaired 3d 

electrons relative to the total number of 3d electrons. The behaviour of the Auger fraction vs. 𝑥 

is reported in Fig. 2.2.6 along with the best fit using a straight line. 

 

Figure 2.2.6: Correlation between stoichiometry and Auger fraction (
𝑈

𝑈+𝑉
) as obtained by fitting the Auger L3M23M45 

spectra. The blue line is the best least-squares fit of the experimental data with a straight line of fixed intercept (at 
x=0 the fraction of unpaired electrons must be equal to 1). The best-fit slope is k = -0.3200.005 

In the pure metal, no oxygen atoms are available to form V-O bonds, thus V = 0 and U/(U+V)=1; 

accordingly, in the straight-line fit, the intercept is held at 1. Likewise, in the maximum oxidation 

state (x=2.5) the fraction should be zero because no unpaired 3d electrons are present and U=0. 

Actually, the extrapolated value for x=2.5 is different from zero: U/(U+V)|2.5 =0.2±0.01, denoting 

a partial 3d occupancy. This is not unusual for 3d0 compounds because of the strong 3d-2p 

hybridization in the specific case of V2O5, these results confirm previous published resonant 

photoemission (ResPES) experiments [105,106]. In Table 2.2 we report the number of unpaired 

3d electrons per vanadium atom equal to 3U/(U+V) under the above assumptions. They are not 

in good agreement with the occupation number calculated by Zimmerman and co-workers 

[107], suggesting that further theoretical investigations are necessary.  

We would also like to underline here that using Auger spectroscopy, the investigated system, is 

the core-hole ionized system, and do not necessarily reflect neutral VOx features. For example, 

while the extrapolated values are in good agreement with measured values of unpaired 3d 

electrons for VO2, suggesting that the core-hole effect in this oxide is negligible. On the other 

hand, the data for the V2O3 oxide suggest that only 1.56, instead of 2, 3d electrons are unpaired. 

In this system, we point out the presence of a mixed band of 4s-3d character near the Fermi 

level. 
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Table 2.2: Extrapolated values of the unpaired 3d electrons per vanadium atom. 

Stoichiometric oxides  

(oxidation state) 

# of unpaired 3d 

electrons per V 

atoms (this work) 

# of unpaired 3d 

electrons per V atoms 

(Zimmerman et al.) 

Nominal # of 

unpaired 3d 

electrons per V atom 

V2O5 (+5) 0.6 ± 0.04 1.3 0 

VO2 (+4) 1.08 ± 0.03 1.9 1 

V2O3 (+3) 1.56 ± 0.02 2.6 2 

VO (+2) 2.72 ± 0.02 - 3 

 

However, for the V2O3 these results are not in agreement with Hard-X-Ray PES spectra which 

showed a VB with a pure 3d character near the Fermi level and 4s character centred at ~8 eV 

binding energy [108]. This suggests that in V2O3 the core-hole effect is relevant. For VO no data 

are available in the literature but a strong 4s-3d hybridization is known to occur. To reproduce 

the VB features of this system using LCAO (Linear combination of atomic orbitals) and APW 

(Augmented Plan-Wave) computational methods, the electron configuration {V(3d44s1) O(2p4)}, 

which implies a strong 4s-3d hybridization [109–111], has to be considered. Moreover, in this 

case, the percentage of unpaired 3d electrons has to be multiplied by four instead of three, 

obtaining the value of 2.72 ± 0.02 unpaired electrons. 

 

2.2.5 Valence band study 
 

Valence band spectra of vanadium oxides can be divided into two regions on the Binding Energy 

(BE) axis: the V 3d (Fermi level - 2.5 eV BE, Figure 2.2.7 right panel,) and the O 2p band (2.5 - 10 

eV BE, Figure 2.2.7 left panel).   

The V 3d region is populated by unpaired 3d electrons. The corresponding spectral feature shape 

and position depending on the oxygen amount present in the material, which determines the 

DOS via crystal field effects. The position of the V 3d band highlights the metal character of sub-

oxides, i.e., a finite DOS at the Fermi level. This characteristic points out that the amount of 

oxygen in these samples is not sufficient to break the degeneracy of 3d levels [112] and for a 

theoretical band description the independent particle approximation is sufficient. V 3d band of 

VO1.27 clearly exhibits two features, one centered around 1.5 eV and a second at ~0.4 eV 

(indicated by arrows in Figure 4 right panel). These features can be correlated with the V3+ and 

V2+ components of the corresponding V 2p core-level spectra. A small, but finite DOS at the Fermi 

level is also present, supporting the vanishing of the 3d degeneracy. For higher values of the 

stoichiometric ratio, a decrease of the V 3d band spectral weight is observed, which is 

transferred to the O 2p band. An interesting case is represented by VO2.45, a defective 

composition of V2O5, whose V 3d band is populated due to oxygen vacancies. The latter 

generates V4+ ions, because of the large 3d-2p hybridization [104,113].  
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Figure 2.2.7: (Top) Representative full valence band spectrum of VO2.45 in the BE region [0-10] eV. (Bottom) V 3d and 
O 2p regions of the valence band spectra for VO0.53, VO1.27, VO1.6, VO2.1, VO2.2, and VO2.45 oxides: (Left panel) 

Comparison of the spectra of the O 2p region. Spectra are vertically shifted in order to highlight the behaviour of the 
feature labelled A, B and C; (Right panel) comparison of the spectra in the so-called V 3d region, near the Fermi level 
(dotted line). The arrows point at VO1.6 features. The intensity of the spectra is normalized to the maximum value of 

the O 2p region. 

As shown in the left panel of Figure 2.2.7, the O 2p region exhibits a fine structure due to the 

superposition of V 4s, V 3d and O 2p orbitals. To describe qualitatively these VB features we use 

the LCAO band model terminology. For the high oxidation states, three features (labelled A, B 

and C) are clearly visible, which relative intensity evolves with the different stoichiometry. The 

A component is assigned to the superposition of V 4s and O 2p orbitals [108]. The DOS originating 

the B feature is dominated by the mixture of O 2p and V 3d orbitals, while the electron yield in 

the C region is dominated by the non-bonding O π* orbitals with a small contribution from V 3d 

electrons [114,115]. For the samples with a lower oxidation state, the C feature decreases 

rapidly, while the relative intensities of A and B structures remain almost unchanged. For x<1.6, 

the π* contribution (C) is negligible and the spectral weight is centered on A and B with an 

inversion of their intensity ratio. This can be explained considering the behaviour of the atomic 

cross-sections and the number of V 3d and O 2p electrons. The only exception to the scenario 

described above is represented by the VB spectrum of the sub-oxide sample, which has its 

maximum between A and B and where no sign of the described features can be recognized. This 

intermediate feature could be pointing at a superposition of A and B, i.e. at a mixed 4s-3d 

valence band.  
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Because of overlapping contributions from multiple orbitals [116], a quantitative analysis 

correlating VB spectral features to oxide stoichiometry is difficult. The fit of the spectral features 

with fixed line-shapes does not provide reliable quantities and their interpretation is 

questionable without a priori knowledge of the superposition degree of the contributing 

orbitals. To overcome this problem, we introduced a semi-empirical formula, which correlates 

the branching ratio of V 3d and O 2p bands with the stoichiometry.  

The whole VB spectral intensity (O 2p + V 3d) can be decomposed as the sum of the partial 

intensities originating the A, B and C features, the contribution from unpaired V 3d electrons, 

and the inelastic background. We write this sum as: 

𝐼𝑂2𝑝 + 𝐼𝑉3𝑑 = 𝐼𝐴 + 𝐼𝐵 + 𝐼𝐶 + 𝐼𝑉3𝑑
𝑢 + 𝐵𝑔   (2.2.10) 

where 𝐼𝑂2𝑝 + 𝐼𝑉3𝑑  is the numerical integration of the VB spectra in BE range from 0 to 10 

eV, 𝐼𝐴/𝐵/𝐶  is the intensity of the features A, B, and C, 𝐼𝑉3𝑑
𝑢  is the signal coming from unpaired 3d 

electrons and Bg is the inelastic background.  

As previously pointed out, each A, B and C features may represent multiple orbital contributions:  

𝐼𝑂2𝑝 + 𝐼𝑉3𝑑 = 𝐼𝑉4𝑠 + 𝐼𝑂2𝑝
𝐴 + 𝐼𝑉3𝑑

𝐵 + 𝐼𝑂2𝑝
𝐵 + 𝐼𝑂2𝑝

𝐶 +𝐼𝑉3𝑑
𝑢 + 𝐵𝑔  (2.2.11) 

here 𝐼𝑉4𝑠 is the contribution given from V 4s electrons to the overall intensity of the A feature 

and 𝐼𝑉3𝑑
𝐵  is the intensity contribution supplied by V 3d electrons to B peak. 𝐼𝑂2𝑝

𝐴 + 𝐼𝑂2𝑝
𝐵 + 𝐼𝑂2𝑝

𝐶 =

𝐼𝑂2𝑝
𝑡 is the total signal generated by O 2p electrons in the A, B and C features. Considering  𝐼𝑉3𝑑

𝐵 +

𝐼𝑉3𝑑
𝑢 = 𝐼𝑉3𝑑

𝑡  is the total signal associated with V 3d electrons we may write: 

𝐼𝑂2𝑝 + 𝐼𝑉3𝑑 = 𝐼𝑉3𝑑
𝑡 (1 +

𝐼𝑂2𝑝
𝑡

𝐼𝑉3𝑑
𝑡 +

𝐼𝑉4𝑠

𝐼𝑉3𝑑
𝑡 +

𝐵𝑔

𝐼𝑉3𝑑
𝑡 )   (2.2.12) 

Where the ratio 
𝐼𝑂2𝑝

𝑡

𝐼𝑉3𝑑
𝑡  is the ratio of the intensity generated by the total amount of O 2p and V 3d 

electrons.  Assuming a constant efficiency of the analyser in the BE range of our interest, we can 

write [117]:   

𝐼𝑂2𝑝
𝑡  𝛼 𝜎𝑂2𝑝𝑛𝑂    and     𝐼𝑉3𝑑

𝑡  𝛼 𝜎𝑉3𝑑𝑛𝑉  

where 𝜎𝑂2𝑝  and 𝜎𝑉3𝑑 are the cross-sections of O 2p and V 3d electrons, respectively and 𝑛𝑂 and 

𝑛𝑉  are the atomic concentration of vanadium and oxygen in the sample. 
𝐼𝑂2𝑝

𝑡

𝐼𝑉3𝑑
𝑡  can be written as: 

𝐼𝑂2𝑝
𝑡

𝐼𝑉3𝑑
𝑡 =

𝜎𝑂2𝑝

𝜎𝑉3𝑑
𝑥     (2.2.13) 

 in which 𝑥 =
𝑛𝑂

𝑛𝑉
 is the stoichiometric ratio. The term 𝐼𝑂2𝑝 + 𝐼𝑉3𝑑  becomes: 

𝐼𝑂2𝑝 + 𝐼𝑉3𝑑 = 𝐼𝑉3𝑑
𝑡 (1 +

𝜎𝑂2𝑝

𝜎𝑉3𝑑
𝑥 +

𝐼𝑉4𝑠

𝐼𝑉3𝑑
𝑡 +

𝐵𝑔

𝐼𝑉3𝑑
𝑡 )   (2.2.14) 

the ratio 
𝐼𝑉4𝑠

𝐼𝑉3𝑑
𝑡   is a numerical constant since: 

𝐼𝑉4𝑠

𝐼𝑉3𝑑
𝑡 =

𝜎𝑉4𝑠

𝜎𝑉3𝑑

4𝑠 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑠

3𝑑 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑠
=

𝜎𝑉4𝑠

𝜎𝑉3𝑑

2

3
= 0.02104 = 𝛫𝑠𝑑   (2.2.15) 
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𝜎𝑉4𝑠 is the cross-section of V 4s electrons. Assuming a negligible background, in the V 3d region 

of the VB spectra the only contribution comes from unpaired 3d electrons, therefore we can 

write the outer-valence branching ratio as: 

𝐵𝑅 =
𝐼𝑉3𝑑

𝐼𝑂2𝑝+𝐼𝑉3𝑑
=

𝑃3𝑑

(1+𝛫𝑠𝑑+
𝜎𝑂2𝑝

𝜎𝑉3𝑑
𝑥+

𝐵𝑔

𝐼𝑉3𝑑
𝑡 )

                 (2.2.16) 

𝑃3𝑑 =
𝐼𝑉3𝑑

𝑢

𝐼𝑉3𝑑
𝑡  indicates the fraction of unpaired electrons in the film that we experimentally 

measure through Auger spectroscopy (see section 2.2.4). 

𝑃3𝑑(𝑥) = 1 − 0,32𝑥     (2.2.17) 

Therefore in the equation 2.2.18 the only unknown remaining variable is 
𝐵𝑔

𝐼𝑉3𝑑
𝑡 . If we assume a 

linear dependence from the stoichiometry, of the form 𝑎𝑥 + 𝑏 we may write the new equation 

for the BR: 

 

𝐵𝑅 =
𝐼𝑉3𝑑

𝐼𝑂2𝑝+𝐼𝑉3𝑑
=

1−0,32𝑥

(
𝜎𝑂2𝑝

𝜎𝑉3𝑑
+𝑎)𝑥+1+𝛫𝑠𝑑+𝑏

   (2.2.18) 

 

 

Figure 2.2.8: BR as a function of the stoichiometric ratio. The red curve is the fit obtained using the eq. 2.2.18 
including the 3d-2p hybridization term; the blue dotted curve is obtained considering the ionic model of the valence 

band in which: P3d(x)=1 for x<1 and P3d(x)=-0.6667x+1.6667 for x≥1. 

BR experimental data have been extracted from the valence band spectra by integrating the V 

3d and the O 2p regions to obtain 𝐼𝑉3𝑑  and 𝐼𝑂2𝑝  respectively. In Figure 2.2.8 the BR values from 

the full set of samples are displayed and compared with the best fit obtained from equation 1 

(red curve) using a and b as free parameters (a= 4.5±0.7 and b= 0.5±0.6 in Figure 2.2.8). The 

good agreement among the experimental points and the fit supports the use of the proposed 

model for stoichiometry quantification using UPS and once more it underlines the failure of the 

ionic picture model to describe the valence features of vanadium oxides. 



36 
 

 

2.2.6 Vanadium oxides Work Function 
 

In vanadium oxides, the WF values increase with the oxidation state ranging from 4.3 eV for pure 

vanadium up to ~7 eV for stoichiometric V2O5[118]. 

 

Figure 2.2.9: Left panel: comparison of the secondary electron onset collected with the He I (21.22 eV) discharge 

lamp for the following NS samples: VO0.53, VO1.6, VO2.1, VO2.2, and VO2.45. For each film, the relative WF is also given. 

Right panel: VB feature near Fermi level (dotted vertical line). The spectra are normalized to the maximum of the 

secondary electron edge. 

Despite during a photoemission experiment only the analyzer WF enters in the conservation of 

energy, carefully aligning the VB spectra it is possible to extract the sample WF (see Appendix 1 

for more details). The measurements of the WF of these films have been performed measuring 

the VB spectra (see Figure 2.2.9) after negatively biasing the sample by ~-9 V to measure the 

secondary electron onset. The WF has been calculated as:  

WF = hvHe I - BESo 

where BESo is the binding energy corresponding to the secondary electron onset and hvHe I is the 

photon energy of the helium lamp (21.22 eV).  

The dependence of WF from stoichiometry in these NS vanadium oxides films is depicted in 

Figure 2.2.10. 
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Figure 2.2.10: Comparison of the WF of VOx NS films (dots) with bulk data taken from the literature [118–121] 

(squares) for the stoichiometric ratio x in the range 0.4-2.5. The broken line is the best fit for the NS films data. 

Data of NS films can be fitted by a straight line of the form: 

 𝑊𝐹 = 𝑤0 + 𝑤1𝑥         (2.2.19) 

Where the slope has a value of w1=1.7±0.13 eV and the intercept is w0=2.99±0.23 eV.  For 

samples with x<0.76 the WF is smaller compared to the one of pure vanadium, most likely owing 

to the arrangements of vanadium and oxygen atoms in suboxides that determine a thin electron 

depletion layer on the surface of the sample.  As demonstrated by Leung and co-workers, WF 

modifications induced by electronegative elements depend on the fine details of the electron 

density at the surface, which may lead to a decrease in the work function of metal oxides [122].  

The low WF of suboxides could be extremely useful if they are used as an electron injection layer 

in Organic Semiconductor Devices, e.g. in Organic LED (OLED) the optimization of the cathode 

WF may increase the device efficiency [123]. Some experimental and extrapolated WF values 

are listed in Table 2.3, together with available data in the literature for bulk samples. 

Extrapolated and measured values of the WF of NS films are systematically larger respect to the 

bulk counterpart. This may be due to a size effect, which determines the enhancement of the 

electronic density by confinement within the nanostructure. It is well known since the 80’s that 

the WF of small spherical nanoparticles is larger than that of bulk [124–127]. 

Table 2.3: WF values of NS films and reference bulk materials taken from the literature[112,119–121]. The 

extrapolated values are labelled by *. The NP diameters have been obtained using the equation 2.2.20. 

Oxide NS film WF  [eV] Bulk WF [eV] NP diameter [nm] 

VO2.45 7±0.1 6.3[119] 1.54±1.2 

VO2.2 6.74±0.1 - - 

VO2.1 6.65±0.1 - - 

VO2 *6.39±0.33 5.15[121] 0.87±0.34 



38 
 

VO1.6 5.73±0.1 4.65[120] 0.83±0.28 

V2O3 *5.61±0.29 4.9[112] 1.71±1.15 

VO1.27 5.46±0.1 - - 

VO0.53 3.7±0.1 - - 

 

Zhou and Zachariah deeply investigated the size dependence of the WF of aggregated NP [127]. 

They claimed that for assembled NP, the deviation respect to the bulk strongly depends on the 

size of the primary particles and weakly from the size of the aggregates. Assuming that the 

fundamental units of the nanoparticle-aggregates are spherically shaped, using the eq. 2.2.20 it 

is possible to estimate the average diameter of each element:  

 𝑊𝐹𝑛𝑝 = 𝑊𝐹𝑏𝑢𝑙𝑘 +
1.08

𝐷𝑛𝑝
     (2.2.20) 

WF is expressed in eV and the diameter (Dnp) in nm. Eq. 2.2.20 cannot provide an accurate size 

evaluation since the spherical shape approximation is too general and is not adequate to 

describe the complex shape-size relation. Indeed, a fractal-like nanostructured distribution is 

showed by in our samples (Figure 2.2.11). Still, the results of Eq. (2.2.20) can be indicative of the 

order of magnitude of the nanoparticles size. The diameters listed in Table 2.3, suggest that the 

main components have a size of the order of 1-2 nm, in agreement with the few nm particles 

observed in TEM images. In addition, the calculated diameters for different stoichiometries are 

similar, within the uncertainty. The result suggests that the nanoparticles nucleation conditions 

within the PMCS are not heavily affected by the small amount of oxygen present in the gas 

mixture, i.e. the size and shape are not depending by nanoparticles stoichiometry, as confirmed 

by TEM. The observation of such size effect in WF measurements,  is an addtitional confirmation 

that that  NS films synthetized with the SCBD grow without coalescence retaining the memory 

of the small size of their gas-phase precursors [80,91–93,128]. As a consequence of this 

“memory effect” SCBD allows to exploit quantum confinement to synthetize samples with a 

remarkably high WF and a low stoichiometry without any sputtering process or additional 

heating treatment. 

An interesting case is that of suboxides. Despite the quantum confinement enhancement, for 

x<0.76 the WF of the films is smaller compared to the one of pure bulk vanadium, most likely 

owing to the arrangements of vanadium and oxygen atoms in suboxides that determine a thin 

electron depletion layer on the surface of the sample.  As demonstrated by Leung and co-

workers, WF modifications induced by electronegative elements depends from the fine details 

of the electron density at the surface, which may lead to a decrease of the work function of 

metal oxides [122].  

The low WF of suboxides could be extremely useful if they are used as electron injection layer 

in an OSD, since as in OLED the optimization of the cathode WF may increase the efficiency 

[123,129]. We would like to point out that the straight line trend of Eq. 2.2.20 is not valid for 

x=0. Vanadium bulk WF is 4.3 eV, therefore, because of the above mentioned considerations on 

quantum confinement, for nanostructured vanadium we expect a WF>4.3 eV. This implies that 

exists a point x* for which the WF will start to increase, reducing the stoichiometric ratio thus 

disobeying the linear relation of Eq. 2.2.20.  
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Figure 2.2.11: TEM image of the nanoparticle assembled nanostructured film for VO2.2.  

 

In order to investigate the morphology of nanoparticles deposited by SCBD, a deposition of 0.3 

sec has been performed on a TEM grid with amorphous C supporting film. In Fig. 2.2.11 the TEM 

image is shown for VO2.2. Even though the nanoparticles aggregate into nanoparticle 

agglomerates, it is still possible to clearly distinguish them. The intense agglomeration of 

nanoparticles even after few second deposition makes TEM images unsuitable for accurate size 

distribution analysis. Still, the size of the nanoparticles can be assessed in the range 3-6 nm for 

most of them. No large differences have been observed for samples with different deposition 

parameters. 

 

2.2.7 Structural characterization: V L2,3 and O K edge XANES 
 

As mentioned in Chapter 1, structural properties are crucial in vanadium oxides based materials. 

Raman spectroscopy has been used to characterize the lattice order of the VO2 NS sample 

produced with the PMCS. Unfortunately, the measurements have been inconclusive, most likely 

because for nanoparticles assembled films the Raman effect cross-section is extremely low[20]. 

The structure of the NS samples has been investigated by X-Rays Absorption Near Edge Structure 

(XANES) spectroscopy.  An extended explanation of the XANES technique and of the different 

acquisition methods can be found in Appendix 2, in this section, a brief overview is proposed. 

XANES concerns the electronic transitions from core shells to unoccupied states following a 

photo-absorption process. 

To characterize the VOx NS samples we studied XANES spectra of the V L2,3 and O K edges 

acquired in Total Electron Yield (TEY).  

The XANES measurements have been performed on the Circularly Polarized beamline of Elettra 

synchrotron radiation facility using the CryoAlp UHV experimental chamber[130]. To perform 

in-situ XANES measurements the experimental chamber has been coupled to the PMCS and 

equipped with an XYZ manipulator as depicted in Figure 2.2.12a. In this experimental scheme, 

the supersonic cluster beam produced by the PMCS is deposited in-situ on a copper plate which 
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is electrically isolated from the rest of the experimental chamber. TEY spectra have been 

acquired measuring the drain current as shown in Figure 2.2.12b connecting to ground the 

sample through a Keithley 486 picoammeter. The angle between the incident photons and the 

sample surface was 45±5°; the base pressure of the experimental chamber was 1*10-9 mbar, 

operating the PMCS the pressure raised to ~5*10-9 mbar because of the carrier gas injected by 

the cluster source. 

 

Figure 2.2.12: a) Schematic scheme of the experimental setup; b) TEY acquisition scheme 

To synthesize samples with different stoichiometry, we fed the PMCS with an Ar-O2 gas mixture 

with an O2 molar percentage in the range of 0-1.25 %. The working parameters of the PMCS 

have been adjusted in order to maximize the deposition rate (delay between gas injection and 

discharge firing = 0.51-0.64 ms; discharge operating voltage 0.9 kV; discharge duration 60 µs 

despite elsewhere specified; pulsed-valve aperture driving signal duration time 196-220 µs; 

pulse repetition rate 3 Hz; Ar-O2 pressure feeding the Parker valve 60 bar).  

The XANES spectra acquired across the V L2,3 and O K edges for different VOx samples are 

depicted in Figure 2.2.13a. It is clearly observable the appearance and evolution of different 

features of the O K edge as x increases. Increasing the samples stoichiometry a blue shift of the 

L3 maximum is also observed.  

 

a b 
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Figure 2.2.13: a) XANES spectra of V L2,3 edges and O K edge for different VOx samples in the photon energy range 
508-540 eV. b) Dependence of the energy position of L3 resonance as a function of stoichiometry (black dots), the 

continuous red line is the best fit of the data (sigmoid line shape). 

The L3 maximum position evolution as a function of the oxidation state has been previously 

observed and a linear relationship has been proposed in order to explicit the stoichiometry 

dependence of L3 and L2 edges[131]. However, the data depicted in Figure 2.2.13b are best fitted 

by a sigmoid function. The sigmoid used to fit the data is of the form: 

𝑓(𝑥) = 𝑏𝑎𝑠𝑒 +
𝑚𝑎𝑥

(1+𝑒
−(𝑥−𝑥0)

𝑟 )

     (2.2.21) 

Where base=515.28 ± 0.15 eV, max=3.3 ± 0.27 eV, x0=1.37± 0.06, r=0.47 ± 0.08. 

The discrepancy with the linear trend reported in the literature [131] can be explained with the 

unique ability of the PMCS to synthesize sample with an ultra-fine control over stoichiometry. 

In fact, by coupling the PMCS with an experimental apparatus able to perform an in-situ 

investigation, it was possible to discriminate between pure vanadium and vanadium sub-oxide 

(VO0.3). This allowed us to improve from the linear to the sigmoid dependence of the V L3 energy 

position on stoichiometry, thus upgrading the oxidation state identification accuracy using 

XANES spectra. Further theoretical investigations are necessary in order to better understand 

the sigmoid behavior observed in our data.  

In general, the shape of O K edge XANES features in transition metal oxides is mostly determined 

by hybridization, final state spin configuration and crystal field effects[132,133]. The O K edge 

evolution as a function of stoichiometry is extremely interesting in order to study the chemical 

environment surrounding vanadium atoms, in terms of crystal field splitting and metal-ligand 

hybridization. In VOx, O atoms arrange in octahedral geometry around a vanadium centre 

generating cubic crystal field[134] which splits the degenerate 3d manifold into 3 t2g and 2 eg 

levels. Because of the 3d-2p hybridization, the energy levels are a superposition of p and d 

electrons, thus the contribution of the hybridized t2g and eg levels in the empty DOS can be 

observed in the O K edge XANES spectra. As can be seen in Figure 2.2.14 O K edge XANES exhibits 

two main contributions at~ 532 eV and ~529.6 eV which invert their intensity ratio increasing 

the oxidation state.  
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Figure 3.2.14: O K edge XANES spectra of VOx samples in the hv region 528-534 eV.  

The high energy feature can be linked to the eg* level while the low energy feature to the 

t2g*[133]. It is observable that a small amount of t2g character due to hybridization with O-2p 

electrons is present in VO0.6 (small feature at hv ≈ 529 eV) confirming our Auger investigation 

which predicts a mixed 4s-3d valence band for sub-oxide.  Increasing the oxygen content the t2g-

O2p hybridization increase with an inversion of the intensity for x~1.5[113,131–133].  

 

Figure 2.2.15: Comparison between the O K edge of the NS VO2 sample and a crystalline sample of 16 nm thickness 
in the energy region 528-535 eV 

As can be observed in Figure 2.2.15, there is a huge difference between the crystalline VO2 and 

the NS sample O K edges. For the crystalline spectra, the t2g* and eg* contribution are well 

separated pointing out a strong crystal field effect, and therefore a well-ordered lattice. Also, 

the NS film exhibits t2g* and eg* features but they are broader and less separated. In comparison 

with the crystalline sample, the t2g* contributions are shifted toward higher photon energies 

t2g* eg* 
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while the eg* toward lower photon energies. This is strong evidence of a distortion of the oxygen 

octahedron surrounding the V atom compatible with the bending of two opposite vertex which 

lifts the t2g* and lowers the eg* energies[135,136]  revealing that the NS samples are disordered. 

However, in high magnification TEM images a crystalline lattice is in some cases observed (see 

Fig. 2.2.11), which is ascribed to crystallization of amorphous material under the high energy 

TEM electron beam.   

Additional information about the electronic structure of NS films can be extracted studying the 

L3/L2 branching ratio. In an ideal system, the L3/L2 branching ratio should be 2, but for early TM 

atoms, strong deviations from the expected value have been observed[137]. In XANES 

measurements at L edges the excitation 2p->3d allows us to probe the 3d partial unoccupied 

DOS. However, the 2p core-hole (2p) effect over the valence band electron is not always 

negligible. A strong 2p-3d interaction leads to deviation from the ideal XANES  behaviour: e.g. 

apparent reduction of the spin-orbit coupling, deviation of the L3/L2 branching ratio from the 

statistical value etc.[137]. Moreover, in pure metallic isolated clusters, it has been demonstrated 

that particle size influences the valence electronic structure and therefore the core-hole 

screening ability, which results in a size-dependent L3/L2 branching ratio[138]. Since SCBD is a 

low kinetic energy deposition technique, the NS films grow without coalescence phenomena, 

therefore clusters retain their individuality (see section 2.2.2 and 2.2.6). As a consequence, a 

deviation in the L3/L2 branching ratio is expected in the XANES spectra of pure metallic NS film, 

which indeed has been observed in the L3 and L2 spectra of pure vanadium NS film (see Figure 

2.2.16). 

 

 

Figure 2.2.16: L3/L2 branching ratio for pure metallic NS films as a function of the discharge time and carrier gas type 
(Ar, Kr). The dashed lines represent the L3/L2  bulk value taken from [139]. 

 

In Figure 2.2.16 a deviation of L3/L2 respect to the bulk value[139] as a function of discharge time 

is clearly observable. The discharge time is the duration of the time interval of cathode ablation. 
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This directly affects the number of vaporized atoms within the ceramic cavity and therefore the 

number of atoms available to trigger the nucleation process. Changing the discharge time means 

modifying the nucleation conditions which may lead to the synthesis of clusters with different 

size-shape relations, and this can explain the modulation of the L3/L2 branching ratio. Another 

way to influence the synthesis condition is to choose a different carrier gas. The carrier gas 

substantially influences the residence time of ablated atoms within the ceramic cavity and the 

cluster terminal velocity.  

In Figure 2.2.16 the measured L3/L2 branching ratio for nanostructure V synthesized using Ar 

(blue circle) and Kr (black triangle) as a function of the discharge time is shown.  

The spectra acquired using Kr as carrier gas exhibits systematically higher L3/L2 branching ratio 

respect to the sample synthetized using Ar. This effect may be related to the difference 

residence time within the cluster source which can result in the production of clusters with 

different shape-size relation. 

To understand the influence of the synthesis parameters over the clusters shape and size, 

screening ability and, finally, over the L3/L2 branching ratio, further theoretical and experimental 

investigation are necessary. However, measuring the L3/L2 branching ratio, it has been 

experimentally demonstrated that the NS films produced using SCBD retain a memory of their 

gas-phase precursors. Moreover, tuning the discharge time, to produce NS films with different 

screening abilities it is possible.  

In conclusion, we demonstrated that to control the oxidation state of the NS VOx film it is 

possible using a PMCS without further post-deposition treatment. Because of this, we could 

study the 3d occupancy, VB branching ratio, and the WF as a function of stoichiometry.   

3d occupancy yields a linear relation with stoichiometry, with evidence of strong 3d-2p and 3d-

4s hybridization. VB branching ratio can be modeled applying a heuristic approach, underlying 

the failure of the ionic picture to describe the VB feature. Also, the WF exhibits a linear 

dependence from stoichiometry. Moreover, an increase in the WF respect to bulk samples due 

to quantum confinement is observed. This is strong evidence that the NS films are assembled by 

clusters that aggregate without coalescence confirming our previous considerations on the 

kinetic energy per atom (~0.1 eV) at the moment of deposition using Ar as the carrier gas. 

Finally, we demonstrated that XANES spectra can be used to probe samples stoichiometry and 

that studying the O K edge XANES feature it is possible to extract important structural 

information. The VOx samples produced by the PMCS are disordered without long-range 

periodicity. The ability to synthesize completely disordered samples is of fundamental 

importance in the study of the VO2 MIT since it allows us to investigate a system in which the 

Peierls distortion mechanism is quenched and to observe only the electronic contribution to the 

MIT. 
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In this chapter, the  VO2 MIT will be studied in order to disentangle the different degrees of 

freedom contributions: orbital, lattice and electronic. With this aim, we studied four different 

samples: three crystalline samples of VO2/TiO2 (thickness 8, 16, 32 nm) and one sample of 

disordered nanostructured VO2. By studying samples with different lattice parameters, it is 

possible to correlate the changes of the electronic properties (e.g. 𝑑||
∗  and π* orbitals) with the 

sample structure. In order to extract detailed information on the electronic structure, the DOS, 

as well as the empty DOS, need to be investigated. ResPES and XANES are two invaluable tools, 

which probe with element selectivity the local chemical environment of the samples. The 

experiments were performed at the ANCHOR end-station of the ALOISA beamline [140] at 

Elettra synchrotron radiation facility. For XANES (acquired in Auger electron yield mode) and 

ResPES acquisitions, electrons were collected at normal emission with the photon beam linearly 

polarized in the scattering plane and impinging the sample at the magic angle (35°). A PSP 

Vacuum 120 mm electron analyser was used with a 2D delay line detector. Measurements were 

performed at constant pass energy (Ep=20 eV) with an overall resolution of 0.25 eV. 

 

3.1 Auger Electron yield X-ray Absorption Spectroscopy  
 

To probe the local structure and the empty DOS of our samples, we performed XANES 

measurements in Auger electron yield (AEY) mode collecting the V L3M23M45 Auger electrons 

(kinetic energy= 464 eV) and the O KL23L23 Auger electrons (kinetic energy= 507 eV) which are 

shown in Figure 3.1.1.  

 

Figure 3.1.1: Auger electrons of the NS sample (90°C) in the kinetic energy range 450-520 eV. The spectrum has been 
acquired at hv=650 eV. 
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This choice guarantees to probe the sample with improved chemical and surface sensitivity with 

respect to other methods[141]. Although the Auger Electron Yield technique has the smallest 

signal rate, it offers the largest S/N ratio among all electron-yield techniques [142]. As will be 

discussed in the next section, the V L3M23M45 Auger is most suitable to study the vanadium L2,3 

edges while O KL23L23  Auger yield gives more information about the oxygen K edge [142]. 

 

3.1.1 Auger Yield O KL23L23  
 

MIT is described as passing from the insulating to the metallic phase. The XANES spectra of the 

insulating phase have been acquired at 30°C while those in the metallic phase at 90°C. 

Crystal field effects, V 3d-O 2p hybridization, and Peierls distortion mostly define empty DOS 

and DOS features of VO2.  The 3 t2g and 2 eg levels orbitals recombine with the O 2p orbitals 

creating the O 2p and V 3d region of the valence band in the DOS (see section 2.2.5) and the 

empty bands π*, 𝑑||
∗ (t2g character) and σ * (eg character) in the empty DOS. The 𝑑||

∗  is directed 

along the cr axis in the metallic phase, and along the V-V dimer in the insulating phase and it is 

strictly related to the unidimensional V-V dimers chain formation in the monoclinic insulating 

phase[61], while the π* is more isotropic within the lattice[62].  

Across the MIT the π*and 𝑑||
∗  collapse to the Fermi level closing the bandgap.  Since π*, 𝑑||

∗  and 

σ* orbitals have mostly 3d character, the changes on the electronic structure can be 

characterized by the V L edges (V 2p -> 3d). Nevertheless because of the strong hybridization 

between V 3d and O 2p electrons, probing the π*, 𝑑||
∗  and σ* bands is also possible by measuring 

the O K edge[135,142,143]. As vanadium L edges (~512-527 eV)  and oxygen  K edge (~530 eV) 

are extremely close in photon energy, there is no doubt that the shape of the O K edge is affected 

by the tail of the L2 (see Figure 2.2.13). As reported in Figure 3.1.2 using the Auger yield (O 

KL23L23) we managed to minimize the vanadium contribution enhancing in the XANES spectra 

the signal from the oxygen. 

Respect to TEY spectra, the oxygen signal is ~ 4 times more intense respect to the V L edges 

signal, minimizing the shape distortion due to the presence of L2, allowing a better analysis of 

the changes occurred across the MIT. The V L edges signal in Figure 3.1.2 is generated by the 

Auger decay V L3M45M45 which is much less intense than but unfortunately very close in energy 

(about 4 eV) to O KL23L23 decay [101,104]. The spectra are normalized respect to the maximum 

intensity of the σ* feature at 532.2 eV. 

The 8, 16 and 32 nm films show intense and well-separated π* and σ* resonances at about 529.8 

and 532.2 eV respectively which strongly confirm the local ordering of these films [135]. The 𝑑||
∗  

band is not clearly visible but it appears to be positioned between 530.5 and 531 eV 

[135,143,144]. 
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Figure 3.1.2: XANES spectra collected by Auger yield (O K L2,3L2,3) at the V L2,3 edges and at O K edge of VO2 
crystalline films of 32, 16 and 8 nm and of the nanostructured disordered film for both metallic (red, 90°C) and 

insulating ( blue, 30°C) phases. 

Across the MIT a slight increase of the π* intensity is observed (see Figure 3.1.3) concurrent with 

a depletion of the valley between π* and σ* which is compatible with the collapse at the FL of 

the 𝑑||
∗  band passing from the monoclinic to the rutile phase.  

Coherently to what showed in Chapter 2, the nanostructured films do not exhibit a well-defined 

separation between π* and σ* resonances, in agreement with the disordered nature of the 

samples [135,136]. This is also supported by the shift toward lower energy by ~1 eV of the σ* 

band, which relative position respect to π* is directly related to the 10Dq crystal field intensity 

[145] and therefore to the structural order. Nevertheless across the MIT, spectral changes are 

observed.  

Passing from the low temperature to the high-temperature phase, an increase of the intensity 

in the region of π* and partially of 𝑑||
∗  is observed for the disordered sample. The changes 

observed in Figure 3.1.3 are in the t2g* energy region pointing out that, the main spectral 

changes across the MIT influence empty orbitals with t2g character. 

 

L3 L2 π* 
σ* 

𝑑||
∗
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Figure 3.1.3: Comparison of the O K edge XANES (527-535 eV) of VO2 crystalline film of 32, 16 and 8 nm and the NS 
disordered film acquired in Auger yield (O K L2,3L2,3) for metallic (red) and insulating (blue) phases. 

For the strained samples, it is also observable that the deepness of the 𝑑||
∗  valley across the MIT 

increases decreasing the thickness.  This could be related to modulations of the relative position 

of the π* and 𝑑||
∗  levels induced by the uniaxial strain along the cr axis [62,64].  Because of this, 

in the insulating phase π* and 𝑑||
∗  tend to increase their splitting, with π* shifting towards lower 

photon energy as well as 𝑑||
∗  shifts towards higher photon energy. In the metallic phase, strain 

induces an inversion of the relative occupation of π* and 𝑑||
∗  at the Fermi Level. 𝑑||

∗   in the 

metallic phase refers to the empty part of the partially occupied 𝑑||
  band (see Figure 2.1.3). In 

bulk VO2 the occupation of Fermi level is mostly 𝑑||
∗  with a small fraction of π*, while for strained 

and ultra-strained film the situation is reversed (see Figure 3.1.4) [62]. 
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Figure 3.1.4 Schematic empty band model for bulk (top) and strained (bottom) VO2 in the insulator (blue line) and 
metal (red line) phases. The intersection point (marked by arrows) between the insulator and metal empty DOS shifts 

toward lower energy for strained sample, because of the concurrent π*, 𝑑||
∗  separation in the insulating phase and 

π*, 𝑑||
∗  inversion in the metallic phase. 

To investigate this strain modulated empty DOS evolution we studied the difference of the 

XANES spectra between the insulating and metallic phases.  

 

Figure 3.1.5: Comparison of the difference in the Intensity of the XANES spectra showed in Fig. 3.1.3 in the range hv: 
528-532 eV. The dots represent the experimental points while the continuous line is the smoothed curve of the 

experimental points (binomial algorithm), which is used as a guide for the eye. From top to bottom: films of 32, 16 
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and 8 nm and the NS film. The black vertical lines indicate the turning point of the difference from negative to 
positive contribution. The spectra are vertically shifted for sake of clarity. 

The differences among the XANES spectra are shown in Figure 3.1.5 and have been calculated 

as: 

𝐼𝑖𝑛𝑠 − 𝐼𝑚𝑒𝑡 ∝ 𝑢𝐷𝑂𝑆𝑖𝑛𝑠 − 𝑢𝐷𝑂𝑆𝑚𝑒𝑡     (3.1.1) 

where 𝐼𝑖𝑛𝑠  and 𝐼𝑚𝑒𝑡  are the intensity of the XANES spectra of the insulating and metallic phases 

and 𝑢𝐷𝑂𝑆𝑖𝑛𝑠  and 𝑢𝐷𝑂𝑆𝑚𝑒𝑡  are the empty DOS, respectively. Using the Eq. 3.1.1 a negative 

contribution is expected in the spectral region in which the metallic empty DOS is more intense 

and vice versa, whereas a turning point (TP) from negative to positive contribution is expected 

where the metallic and the insulating empty DOS coincide. Some trends are evident for the 

spectral difference of the strained samples. As the strain increases the positive contribution in 

the hv range 530-531 eV grows with an asymmetry toward high photon energy, the negative 

contribution in the 528-529.7 eV also increases the TP shifts toward lower photon energy. The 

latter is a fingerprint of the shrinking of the metal empty DOS and a widening of the insulating 

phase empty DOS, therefore they will cross at lower photon energy. This is in agreement with 

the band description of Figure 3.1.4 and with the strain dynamics of π*-𝑑||
∗  bands in both 

insulating and metallic phases. This is further confirmed from the growing asymmetry in the 

positive contribution at 530-531 eV, which is compatible with the picture of the strain-induced 

increased separation between π*and 𝑑||
∗  in the insulating phase. Also, the negative contribution 

decreases, increasing the strain, in agreement with the band model described before since the 

π* band, which is almost empty in the metallic bulk phase but is heavily occupied in the strained 

films in our acquisition condition is more intense of the 𝑑||
∗ .  

 

Figure 3.1.6: The Turning Point (TP) and Integrated differences as a function of the film thickness. The Integration of 
the differences has been performed using a trapezoidal algorithm and in the photon energy range 528-531 eV. The 

dashed lines are a guide for the eye. 

The difference spectra changes and TP shift described above have been quantified as a function 

of sample thickness and reported in Figure 3.1.6. The black circles represent the integral of the 

difference spectra in the hv range (528-531 eV), the blue squares are the hv position of the TP. 

The Integrated difference trend is compatible with previous investigation of the empty DOS of 

strained VO2 [62]. Nevertheless, the interpretation of the curves reported in figure 3.1.6 is not 
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straightforward.  By the way, TP and Integrated differences have a similar trend as a function of 

thickness, suggesting that these two quantities are correlated. 

 

Figure 3.1.7: Correlation between Integrated intensity (x) and TP position (y). The data re best fitted by a linear 
relation of the form y=a+bx with a=529.75±0.01 and b=0.52±0.05. 

From figure 3.1.7 it is observable that between TP shift and Integrated difference elapses a linear 

relation, pointing out that these two quantities are clearly commensurate. Further investigation 

is necessary to clarify this point. 

Regarding the spectral difference of the NS film, it is evident the negative contribution whose 

minimum is aligned with the strained samples. Its intensity suggests a stronger dynamics of the 

π* band. This can be understood considering a partial Mott-melting of the π* band across the 

MIT in agreement with the literature,[13,38] suggesting the strong electron-electron repulsion 

as the MIT driving force in disordered samples [23,63,146,147]. 

 

3.1.2 Auger yield V L3M23M45 
 

As across the phase transition the most significant spectral changes occur around the Fermi 

level, it is important to have a selective probe with the ability to probe only 3d electrons. As 

shown in section 2.2.4 Auger V L3M23M45 can be used to probe the outer 3d shell in vanadium 

oxides. Therefore using AEY and collecting the decay channel V L3M23M45 is a good option to 

study the MIT [142]. The XANES spectra of the strained samples 32, 16 and 8 nm thick and the 

NS disordered sample are compared in Figure 3.1.8.  

The spectral shape is similar for TEY spectra in which V L edges and O K edge intensities are 

comparable. This is due to the nature of the V L3M23M45 Auger decay that probes unpaired and 

O 2p hybridized 3d electrons. 
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Figure 3.1.8: XANES spectra (Auger V L3M23M45, 464 eV) in the hv range (510-550 eV) of the insulating (blue) and 
metallic (red) phase of different VO2 samples. From top to bottom: strained samples of 32, 16, 8 nm and NS sample. 
The spectra have been normalized to the photon energy and to the L3 intensity maximum 

However, as discussed in section 3.1.1, the O K edge shape is modified by the V L2 thus this decay 

channel is most suitable to study the behavior of the V L3 and L2 edges across the MIT. However, 

the interpretation of the L edges shape is not as straightforward as at the O K edge. The L3 edge 

is more structured respect to the L2 and, more, in general, the L3 and L2 spectra differ because 

of the multiplet effect in the final state [148]. In the VO2 case, the multiplet contribution is not 

so important, whereas the presence of the strong Coster–Kronig decay (V L2L3M4,5 ) [104] 

severely reduces the lifetime of the excited state 2p1
1\2 3dn+1 and broadens the L2 XANES line 

shape making hard to distinguish among the different features. Because of this, we will devote 

our attention to the L3 edge features. 

From the comparison of Figure 3.1.9 with Figure 3.1.3 it is clear that there is no correlation 

between the L3 edge and O K edge shape despite they should probe the same empty DOS region 

because of the V 3d-O 2p hybridization. This can be understood considering the general features 

of the L3 edge spectra: in the L3 and L2 XANES there is a transfer of spectral weight away from 

threshold (L3 maximum intensity at 518.4 eV), apparent reduction of Spin-Orbit splitting (6.4 eV 

from XANES spectra, 7.3 eV from XPS) and a deviation from statistic intensity branching ratio: 

I(L3)/I(L2)=2. All of these features can be explained considering the strong interaction between 

the 2p (core hole) and the 3d electrons in the final state. In vanadium oxides 2p-3d interaction 

is of the same order of magnitude of the S-O splitting, inducing a severe redistribution of spectral 

weight across the entire spectrum [143,149]. 
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Figure 3.1.9: XANES spectra (Auger V L3M23M45, 464 eV) in the hv range (513.5-526.5 eV) of the insulating (blue) and 
metallic (red) phase of different VO2 samples. From top to bottom: strained samples of 32, 16, 8 nm and NS sample. 

In Figure 3.1.9 are depicted the L3 and L2 edges of VO2 samples of 32, 16, 8 nm thickness and of 

the NS film. Across the phase transition, a shift of 0.2 eV toward lower photon energy of the 

metallic phase spectra is observed. The major shape changes can be observed in the spectral 

region 514-516.5 eV where π* and 𝑑||
∗  lie [61,62,150]. It is observable that in the insulating phase 

as the strain increase, the π* feature becomes more evident because of the increasing π*-𝑑||
∗  

splitting. The NS sample does not show prominent features in the L3 pre-edge zone, in 

agreement with the results of chapter 2 and with what can be found in the literature for 

disordered samples [135]. 

The difference spectra calculated using Eq. 3.1.1 are reported in Figure 3.1.10. 

π* 

σ* 

𝑑||
∗
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Figure 3.1.10: Difference of the Intensity of the XANES spectra showed in Fig. 3.8 in the range hv: 512-518.4 eV. The 
dots represent the experimental points while the continuous line is the smoothed curve of the experimental points 
(binomial algorithm) used as a guide for the eye. From top to bottom: samples of 32, 16 and 8 nm and NS film. The 

spectra are vertically shifted for sake of clarity. The difference spectrum of the 32 nm sample is multiplied by 2. 

The interpretation of the difference spectra of the L edges is not straightforward to understand 

as in the case of O K edge. The V L edge difference spectra do not show positive contribution 

due to the lower photon energy shift of the metallic phase. Moreover, the tail of the intense 

contribution of the σ* band could influence the difference spectra. For strained samples, two 

main contributions can be identified at ~515 and 517.5 eV. The meaning of the position and the 

number of the different features within these contributions is still in progress for all samples 

(strained and NS).  

 

Figure 3.1.11: Integrated differences as a function of the film thickness. The Integration of the differences has been 
performed using a trapezoidal algorithm and in the photon energy range 512-518.4 eV. The dashed line is a guide 
for the eye. 



56 
 

However, integrating the difference spectra between 512-518.4 eV we observe a similar trend 

as those shown in Figure 3.1.6. This suggests that, even if the interpretation is not 

straightforward, the physics behind the difference at the V L edge and at the O K edge is the 

same. 
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3.2 Resonant photoemission 
 

A powerful technique to extract detailed information about electronic-structure from a 

correlated 3d electron system is resonant photoemission spectroscopy. A complete description 

of the theoretical principles of the ResPES can be found in Appendix 3, in this chapter will be 

reported a brief overview for the sake of clarity. ResPES working principles are the same as XPS 

or UPS but the photon energy is tuned in order to sweep across a core-level absorption 

threshold. In this way, important Auger-like decay channels are opened in which the core hole 

is filled by an electron from the final-state shell (in the case of study, 3d shell) and another 

electron is ejected into the continuum. The Auger-like decay will interfere with the direct 

photoemission leading to a modulation of the finale state photoemission spectra features. 

ResPES  

A ResPES map is usually acquired varying the photon energy and the electron kinetic energy 

range at the same time in order to maintain constant the binding energy range of interest.  

To underline some of the general features of VO2 ResPES map we will use the 16 nm thick sample 

(insulating phase, 30 °C) as an example. The ResPES map acquired sweeping the hv range across 

the L3 and L2 edges, is reported in Figure 3.2.1.  

It is evident how the intensity of the VB spectra is modulated as a function of the photon energy 

because of the interference of the direct and photo-absorption channel. The maximum of the 

intensity is observed in concomitance of the maximum of the L3 edge (518.4 eV). The arrows 

identify the Auger dispersion which in the ResPES map plotted against BE appear as inclined 

features since their kinetic energy is constant. The hv range is below the absorption threshold 

of the O K edge, we can identify the Auger as belonging to the V atoms. In particular, the two 

arrows identify the Auger decay: 

A1=V L3Md
45Md

45 

A2= V L3Mp
45Md

45 

Where Md
45 indicates the unpaired 3d electrons whereas Mp

45 the O 2p - 3d hybridized electrons. 

Considering the kinetic energy of an Auger electron of the form XYZ as: 
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Figure 3.2.1: ResPES map of the VO2 sample of 16 nm thickness in the BE range [-2, 30] eV (step of 0.2 eV) and in the 
hv range [513.2, 529] eV (0.4 eV step). Labels highlight the main contribution to the valence band: unpaired 3d 
electrons (1-2eV), hybridized 3d-2p band (5-8 eV) and O 2s electrons (22-23 eV). Arrows identify auger electrons 

dispersion. 

EAuger= EX- EY- EZ 

Where EX, stands for the Binding Energy of the core hole electron, EY is the BE of the electron 

that decay in the core-hole and EZ represent the BE the Auger electron had inside the solid. For 

A1 and A2 is valid: 

A2-A1= E3d-2p – E3d ~ 5eV         (3.2.3) 

 

Figure 3.2.2: ResPES map of the VO2 sample of 16 nm thickness in the BE range [30;59] eV (step of 0.2 eV) and in the 
hv range [513.2, 529] eV (0.4 eV step). Labels highlight the V3p electrons (40-41 eV) and arrows identify Auger 

VL3M23M45 electrons dispersion. 
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Auger electrons of the form V L2XY cannot be identified confirming the existence of a strong 

Coster-Kronig (CK) decay (V L2L3X) that quenches or drastically reduces the intensity of all the 

other decays with a hole in the V 2p1/2 core-level. 

In Figure 3.2.2 is reported the ResPES map of the sample of 16 nm in the insulating phase in the 

region of V 3p electrons. The two arrows highlight the two lobes of the Auger V L3M23M45: 

L3M23Md
45 and L3M23Mp

45 (see Chapter 2).  

By moving the photon energy through the O K edge the features of the ResPES map change 

dramatically since the oxygen Auger is so intense to cover all the other features (see arrows 

labelled A, B, C in Figure 3.2.3).  

 

Figure 3.2.3: ResPES map of the VO2 sample of 16 nm thickness in the BE range [-2;59] eV (step of 0.2 eV) and in the 
hv range [529, 546] eV (0.4 eV step). Labels and arrows identify Auger electrons dispersion. 

The decay labelled A and C are compatible with the O KL1L23 (KE=493.4 eV) and O KL23L23 (KE=507 

eV) respectively[104]. The B feature is not compatible with any of the allowed O KXY decay 

channels (KL1L1, KL1L23 and KL23L23) and it is not observed in pure V sample [104,151], therefore 

it must originate from oxygen. The energy distance between A and B is 7.2 eV, which is not 

compatible with a dynamic of the type described from Eq. 3.2.3 pointing out a final state effect 

as the cause of the B feature. A possible explanation is proposed: 

For the decay KL1L23, the spin-singlet forming the O 2s2 is broken to fill the O 1s core hole of the 

Auger emission process.  The metastable state (2s1 2p6) state can, therefore, have two possible 

spin orientations up or down, that will couple, aligning or anti-aligning, with the total spin of the 

unpaired 3d electron in the valence band. The proposed mechanism is similar to the final state 

splitting observed for other decays channel involving an intermediate ns hole (e.g. L3M1M23) 

[151] and for direct photoemission of 3s electron in vanadium oxides [107]. Moreover, for V2O5 

in which there are no unpaired 3d electrons in the valence band, the B feature is not observed 

[104] confirming our interpretation. In addition, no visible resonant enhancement in the BE 

region of the V 3d electron is observable, pointing out that the amount of V 3d - O2p 

hybridization for the unpaired 3d electron is small respect to the 3d character.  

In Figure 3.2.4-6 a series of individual photoemission spectra are acquired tuning the photon 

energy across the V L edges for the sample of 32, 16 and 8 nm thickness.  
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Figure 3.2.4: Comparison of ResPES spectra for the 32 nm VO2 film in the binding energy range (15,-1 eV). Spectra 
have been collected at different photon energies both in the insulating (T=30 °C, left) and in the metallic phase (T=90 

°C, centre). In the right panel is shown the XANES spectrum of the insulating phase (Auger yield at 464 eV). The 
spectra collected at 512 eV have been magnified (x2). The spectra are normalized to the incident photon flux. 

 

Figure 3.2.5: Comparison of ResPES spectra for the 16 nm VO2 film in the binding energy range (15,-1 eV). Spectra 
have been collected at different photon energies both in the insulating (T=30 °C, left) and in the metallic phase (T=90 

°C, centre). In the right panel is shown the XANES spectrum of the insulating phase (Auger yield at 464 eV), 
horizontal dashed lines highlight the photon energies used to acquire the spectra. The spectra collected at 512.68 eV 
and 514.68 eV have been magnified (x4 and x2 respectively). The spectra are normalized to the incident photon flux. 
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Figure 3.2.6: Comparison of ResPES spectra for the 8 nm VO2 film in the binding energy range (15,-2 eV). Spectra 
have been collected at different photon energies both in the insulating (T=30 °C, left) and in the metallic phase (T=90 

°C, centre). In the right panel is shown the XANES spectrum of the insulating phase (Auger yield at 464 eV), 
horizontal dashed lines highlight the photon energies used to acquire the spectra. The spectra collected at 512 eV 

have been magnified by a factor 2 for clarity. The spectra are normalized to the incident photon flux. 

The standard features of vanadium oxide VB spectra are observed (as discussed in section 2.2.5), 

in addition, a peak in the 32 nm sample spectra is observable around 11 eV which can be linked 

to oxygen vacancies[119]. For the entire set of samples, the metallic state is characterized by 

the appearance of a Fermi edge. The off-resonance spectra are quite similar to a standard VB 

spectrum of VO2 [119,120,152] while, as the photon energy span through a resonance, the 

emission from the resonating state is modulated similarly to what reported by Eguchi et al. for 

VO2 thin film [153]. The comparison of these photoemission spectra collected at different 

excitation energies clearly shows the enhancement of the V 3d unpaired electrons feature in the 

insulating (30° C) and the metallic state (90° C). In fact, the V 3d states strongly resonate at ~1.5 

eV due to the interference between the direct and the photo-absorption channel. In particular, 

as discussed before and confirming a previous ResPES investigation [151], the unpaired V 3d  

electrons resonate with the V L3Md
45Md

45 decay. The maximum of the 3d signal enhancement is 

observed in the range 518.4±0.1 eV, in agreement with the maximum of the XANES spectra (see 

Figure 3.1.9), confirming the strong 3d nature of the 1-2 eV peak.  

In the metallic phase, the 3d electrons peak exhibits two features centered at about ~1.5 and 

~0.5 eV (see Figure 3.2.7). The appearance of two contributions near the Fermi level is the 

fingerprint of the strong electron-electron interaction (U) in Mott-Hubbard metals [154]. For 

historical reasons, the low BE feature has been called coherent peak since it is obtained by band 

structure calculations in the framework of the independent particle approximation neglecting 

the many-body effects, while the high BE feature is the incoherent peak [154]. The existence of 

a coherent and incoherent contribution to the excitation spectra has been widely considered for 

different strongly correlated materials as the marker of the MIT [108,114,153,155–157]. 
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Figure 3.2.7: VB spectra of the unpaired 3d electrons band in the BE range (-0.5; 3) eV for the sample of 8, 16 and 32 
nm thickness (metallic phase). The peaks’ shape suggests the existence of two contributions centred at ~1.5 and ~0.5 

eV. 

The coherent peak is also called the quasiparticle peak and it is generated by the itinerant 3d 

band states. The quasiparticle and the incoherent peak can be assigned to two different final 

states in which two screening mechanisms operate. After the photoemission of a 3d electron, 

the initial 3d1 configuration is formally left in the 3d0 state.  According to Mossanek and Abbate, 

the 3d0 finale state is poorly screened by the surrounding atoms while the features near the 

Fermi Level are well-screened configurations [158]. 

In the VO2 metallic phase, the most favorable final configurations are 3d1C (coherent hole) and 

3d1L (ligand hole) [158]. The C state accounts for a non-local screening channel of the photo-

hole provided by the surrounding vanadium atoms. In the L configuration, the nearest oxygen 

atom provides the screening electron (Figure 3.2.8). 

 

Figure 3.2.8: Schematic representation of the L and screening channels. Left panel, the photo-hole is screened by 
transfer of an oxygen electron (L); right panel, the photo-hole is cooperatively screened by itinerant valence 

electrons (c).  

In the Insulating state, the 3d orbitals are directed along the V-V dimer direction. The intra-dimer 

screening is not possible, while the inter-dimer and L mechanisms are available. According to 

theoretical calculation, the insulating phase peak around 1 eV of binding energy can be assigned 

to the 3d1L configuration, matching the Lower Hubbard Band (LHB) [153,158]. 
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The presence of different screening properties in the insulating and metallic phases can be 

probed experimentally using ResPES. In fact, ResPES can be used as a probe of the metallicity of 

a sample [159–161]. The intensity (normalized for the photon flux) of the resonant 

photoemission spectra can be linked to the screening parameter by Eq. 3.2.4 [159–161]. 

𝐼

𝐼0
𝛼

1

𝐿𝑠
      (3.2.4) 

Where I is the ResPES peak intensity, I0 the incident photon flux and Ls the material screening 

parameter (inverse of the Thomas-Fermi screening length[161]). This can be qualitatively 

understood as follow: in an insulating material, Ls is small, the core-hole generated by the ResPES 

process is poorly screened allowing the excited state described in Eq. 3.2.2 to properly decay in 

order to interfere with the direct photoemission. On the other hand, the delocalized electron 

inside a metal (higher Ls) will quickly screen the photo-hole partially quenching the valence-to-

core decay of the excited state (Eq. 3.2.2), which is at the basis of the resonant enhancement.  

Table 3.1:  Lmetal/Linsulator for the different samples 

Sample Lmetal/Linsulator 

 8 nm 1.44±0.01 

16 nm 1.73±0.01 

32 nm 1.93±0.01 

NS film 1.06±0.01 

 

 

Figure 3.2.9: Ratio between the screening length of the metallic and insulating phase as a function of sample 
thickness. The X position of the NS point has been arbitrarily chosen. 

The ResPES data confirm this model as can be seen from Figure 3.2.4-6. In fact, tuning the 

photon energy hv at the maximum of the L3 threshold, the insulating 3d peak is always more 

intense respect to the metallic counterpart. Applying Eq. 3.2.4 to our data and making the ratio 

between the insulating and metal ResPES intensities, Lmetal/Linsulator can be calculated and plotted 

as a function of sample thickness (Figure 3.2.9). 

The theoretical value of Lm/Li can be estimated considering that the screening parameter is the 

inverse of the Debye screening length: 
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𝐿𝑠 =
1

𝜆𝐷
= √

𝑒2𝑛

𝜀𝑘𝑏𝑇
     (3.2.5) 

Where λD is the Debye screening length, e is the carrier charge, n is the carrier density, ε= ε0εr is 

the average dielectric constant, kb the Boltzmann constant and T the temperature. Lm/Li is, 

therefore: 

𝐿𝑚

𝐿𝑖
= √

𝑛𝑚𝜀𝑖𝑇𝑖

𝑛𝑖𝜀𝑚𝑇𝑚
      (3.2.6) 

For the ResPES measurements Ti=30°C=303.15 K and Tm=90°C=363.15 K. Using the values of 

dielectric constant reported by Zheng and coworker [162] (εi=εr(300 K)=40 and εm=εr(360K)=104) 

and as carrier concentration ni=1.9*1019cm-3 nm=1.9*1023cm-3[163] a value of Lm/Li ≈5.7 is 

obtained for bulk VO2. This value is in fairly good agreement with the Lm/Li reported in Table 3.1. 

despite the Debye model cannot properly evaluate Lm. In fact, it is necessary to consider that at 

high-temperature VO2 is a “poor” metal in which electron correlation effects are of primary 

importance over transport properties. In fact, metallic vanadium dioxide violates the Ioffe-

Regel-Mott criterion i.e. in a metal electron mean free path cannot be less than the lattice 

spacing [164], implying that Boltzmann statistic cannot be used to describe VO2 properties and 

therefore making equation 3.2.5  an approximation of the metallic screening parameter.   

It is also observable that Lmetal/Linsulator decrease as a function of sample thickness with a trend 

which is very similar to what observed from the XANES spectra analysis of the previous sections 

suggesting a correlation between screening parameter and orbital occupancy.  

 

Figure 3.2.10: VB spectra of the NS sample acquired at 30 °C (blue curve) and 90°C (red curve) in the BE range -0.5-2 
eV acquired with hv=518.4 eV. 

For the NS sample the value of Lmetal/Linsulator >1 points out an increase of metallicity from 30 to 

90 °C, this is also confirmed by the appearance of a small but finite DOS at FL in the high-

temperature spectra of the VB (Figure 3.2.10). These results combined with the previous XANES 

analysis, identify a collapse of the bands in the π* energy region i.e. a collapse of an empty band 

with t2g character, to the FL as the cause of the insulating gap closure. A proposed band model 

for the Mott-Hubbard transition in disordered VO2 is proposed in Figure 3.2.11.   
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Figure 3.2.11: Schematic representation of the insulating bandgap closure dynamics in the NS sample. Left panel: 
insulating phase DOS and empty DOS; right panel: metallic phase DOS and empty DOS. 

Coulomb repulsion makes one of the t2g empty orbitals not degenerate with the others (labeled 

as t2g(v*) in Figure 3.2.11). Heating the sample the localized electrons have enough kinetic 

energy to overcome the Coulomb repulsion with the subsequent collapse of the t2g(v*) band  

and population of FL, generating a conductive state. 

Since the Peierls distortion in the NS sample is quenched and an Anderson localization process 

can be excluded (the NS samples are disordered before and after the MIT), the transition has to 

be driven by mutual electron interactions, revealing a Mott-Hubbard mechanism as driving force 

of the MIT. However, the FL is poorly populated with respect to the crystalline samples. This 

suggests that a cooperative mechanism between Peierls and Mott-Hubbard mechanism is 

necessary to increase the FL occupation in the metallic phase, and in general to tune the 

properties of the MIT.  
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Chapter 4. 

Orbital contribution to the MIT 

studied by CIS spectroscopy. 
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In the previous chapter XANES spectroscopy and resonant photoemission have been exploited 

to understand the orbital dynamic across the MIT in VO2 with different structural properties.  

ResPES takes advantage of the possibility to change the photon energy to look for a resonating 

behaviour of a core-level. The emission from the resonating final state is modulated because of 

the interference between the direct photoemission channel and the photoabsorption Auger-like 

channel. Two acquisition methods have been introduced in order to study the resonance effect: 

Constant Final State (CFS) and Constant Initial State (CIS). [130] A spectrum is acquired in CFS 

when the incident photon energy hv is varied while the detected electron kinetic energy is 

fixed[141,165,166]. Actually, the Auger yield is a particular kind of CFS acquisition. CFS 

measurements essentially return the photo-absorption spectrum of the sample across the 

resonance. As shown in chapter 3, the strength of CFS spectroscopy relies on the possibility to 

choose the fittest Auger channel (or in general the fittest final state) to investigate the system. 

Selecting the Auger V L3M23M45 or the O KL23L23 it is possible to optimize the collection of the 

vanadium L edges or of the oxygen K edge in the absorption spectra vanadium oxides.  

A CIS acquisition is characterized by the simultaneous variation of the photon energy and 

electron kinetic energy (Ke) in order to maintain constant the ionization energy IE = hv – Ke 

[141,165,166]. ResPES spectra are collected using the CIS mode in order to probe the same 

Binding Energy region for every photon energy, therefore this acquisition method measures the 

ResPES cross-section lineshape. CIS spectroscopy allows studying the resonant enhancement of 

the cross-section of valence band electron when the photon energy moves through a core 

resonance. In synthesis, CIS and CFS are two detection methods, which allow acquiring an 

absorption spectrum exploiting different (partial) electron yield channels. At variance as in the 

previous chapter focused on CFS absorption spectra (Auger yield XANES), here I’ll focus on CIS 

absorption spectra of 3d and 3p electrons. Spanning the photon energy through the 2p core 

resonance, different possible decays of the excited state have been measured [167].  

In this case the absorption process results in the excitation  

2p63dn + hν → 2p53dn+1     (4.1) 

which can decay via Coulomb interaction in two configurations with the emission of one electron 

from different orbitals: 

 2p53dn+1 → 2p63dn-1 + ed
-    (4.2) 

2p53dn+1 → 2p63p53dn + ep
-    (4.3) 

The processes described by 4.2 and 4.3 emit a 3d and a 3p electron, respectively and in the 

ResPES experiment they will constructively interfere with the 3d and 3p direct photoemission 

channel. The samples studied were three ordered thin and ultra-thin VO2 films (8, 16 and 32 nm 

thick, respectively) and one nanostructured disordered sample.  

The V 3d CIS and V 3p CIS spectra of the strained films have been investigated across the phase 

transition and are discussed in section 4.1 and 4.2, respectively. In section 4.3 the V 3d and V 3p 

CIS spectra of the nanostructured disordered sample are presented. The CIS spectra have been 

collected using the same experimental parameters used for the ResPES experiments described 

in chapter 3. 
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4.1 V 3d CIS spectroscopy of VO2 thin films. 
 

The major spectral changes across the MIT in VO2 occur around the Fermi level involving mainly 

V 3d electrons. Formally, the VO2 is a 3d1 electron system whose unpaired electrons form 

intermetallic bonds localized in the binding energy region between 2.5 eV and the FL. To 

understand CIS data, a deeper understanding of the related photoemission spectra is necessary. 

The VB photoemission spectral features of the VO2 can be described in terms of final state 

configurations. In the insulating phase, the V 3d peak is centred at ~1.5 eV. Its nature can be 

explained assuming that the oxygen atoms contribute to locally screen the V 3d photo-hole. 

Therefore, the final state is depicted as the 3d1L (ligand hole)[158]. In the metallic state, we 

assist to the population of the FL. Since the electrons are free to move within the solid an 

additional screening mechanism and therefore an additional final state is available in this phase 

and observable in the VB: the 3d1C (coherent hole). This is generated by a non-local screening 

channel of the photo-hole provided by the surrounding vanadium atoms and it is centered at 

~0.4 eV [158]. 

 

Figure 4.1.1: ResPES maps of the V 3d electrons (BE region -0.5; 3 eV) across the L3 and L2 resonances hv [512-527.5] 
eV collected with step 0.1 eV. The maps of each sample (8, 16 and 32 nm) are vertically aligned: top panels, 

insulating phase; bottom panels, metallic phase. The 8 nm sample maps have been collected with a BE step of 0.25 
eV while the 16 and 32 nm maps with a BE step of 0.1 eV. 

Since C and L VB features are generated by two different screening mechanisms, they will couple 

differently with the resonant excited state and exhibit a different CIS line shape.  

The acquisition of a CIS spectrum corresponds to one vertical energy scan of the ResPES map, 

i.e., to probe the intensity variation of one fixed BE feature as a function of the photon energy. 

The ResPES maps of the V 3d electrons obtained tuning the photon energy across the V L edges 

for the samples of 8, 16, 32 nm thickness are compared in Figure 4.1.1. For the metallic phases 

(bottom panels) it is easily recognized the appearance of the FL at BE=0 eV.  The maximum of 
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the resonance is located between the photon energies of 518 and 519 eV. At hv ~516 eV a 

weaker resonant enhancement is also observed. The photon energy dependence of the V 3d 

electrons is more pronounced across the L3 edge with respect to the L2 because of the presence 

of the Coster–Kronig decay (V L2L3M4,5 )[104]. Therefore the study of the spectral changes is 

limited to the L3 edge. 

Using the CIS spectroscopy it has been possible to probe that the unpaired V 3d electrons are 

poorly hybridized with oxygen. This can be obtained by looking at the line shape of the V 3d CIS 

spectrum, in the photon energy range of the O K edge.  As an example, in figure 4.1.2 is showed 

the CIS spectra of the V 3d electrons of the 16 nm sample in the photon energy across the V L 

edges and the O K edge. Despite elsewhere specified, XANES spectra acquired with the Auger 

yield (V L3M23M45) will be referred to as XANES for sake of brevity. 

 

Figure 4.1.2: CIS spectrum of V 3d electrons for the sample of 16 nm in the insulating phase (30° C) in the photon 
energy range [512.68; 545.85] eV collected with a step of 0.4 eV. The intensity of each point of the spectrum has 

been obtained averaging the intensity in the BE range [0;3] eV. 

The shape of V 3d CIS spectrum resembles that of VO2 XANES. V L3 and L2 resonances are clearly 

observable at ~518 and 525 eV, respectively, while only small oscillations are visible in 

correspondence of the O K edge (at ~530 eV) pointing out the negligible V 3d-O 2p hybridization. 
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Figure 4.1.3: CIS spectra of the C valence band feature (0.4 eV) in the metallic (left panel) and in the insulating phase 
(right) for the 32, 16 and 8 nm films in the energy range: 513-521 eV for 0.1 eV (32 and 16 nm) and 0.2 eV (8 nm) 

step.  

The CIS spectra of the C valence band feature are depicted in Figure 4.1.3. All CIS spectra in this 

chapter have been normalized to the incident photon flux and to the maximum of the L3 

resonance intensity. The signal of the 32 and 16 nm samples is noisier respect to the 8 nm due 

to the appearance of undesired electrical noise which cause have not been understood. Respect 

to XANES spectra, CIS spectra of the C feature are those which exhibit the largest changes in the 

line shape. In the metallic phase, two main features are observable, the σ* resonance around 

518.4 eV and the small pre-edge peak centred at ~516 eV. To understand the nature of the pre-

edge peak, it is necessary to monitor its evolution as a function of the sample thickness (i.e., the 

strain). Increasing the strain (i.e., decreasing the sample thickness) the pre-edge peak increases 

in intensity relative to the σ* resonance, and concurrently the valley amongst them decreases 

its deepness. In addition, the broadening of the pre-edge peak width occurs. In the metallic 

phase of the VO2, π* and 𝑑||
∗  are partially degenerate at the FL and hence are both populated, 

although their occupation is different. In bulk VO2 because of the strong V-O hybridization, the 

FL is mostly occupied by the 𝑑||
∗  band with a component of π* (see figure 3.1.4). As explained in 

the previous sections, strain influences the relative vanadium and oxygen positions, as a 

consequence the overlap between metal and ligand wave functions and in addition the 

energetic position of the orbitals. With the strain the apical V-O distance increases, decreasing 

the overlap among V 3d and O 2p orbitals. This leads to a destabilization of π*, which is lowered 

in energy respect to 𝑑||
∗  changing the orbital occupation at the FL. In strained samples the 𝑑||

∗  

band is emptier respect to the π* band opposite to bulk samples. As a consequence, in the 

metallic phase, it is possible to assign the pre-edge peak of the C CIS spectra to the 𝑑||
∗  band (516 

eV). In fact, its intensity and width increase with the strain pointing out an increase of the empty 

states compatible with the strain-induced orbital dynamics described above. In addition, 

spectral features linked to the π* band are lacking within our experimental resolution.  
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Figure 4.1.4: Comparison of CIS spectra of the L valence band feature (1.5 eV) in the metallic (left panel) and in the 
insulating phase (right) for the 32, 16 and 8 nm films in the photon energy range 513-521 eV for 0.1 eV (32 and 16 

nm) and 0.2 eV (8 nm) step.  

In the insulating phase, the C screening channel should be absent. However, a fraction of 

thermally excited electrons is available at ~0.4 eV and a small CIS signal can be detected (see 

figure 4.1.3, right panel). The 32 and 16 nm samples spectra are quite noisy. While for the 8 nm 

sample the signal is good enough to observe two pre-edge features centred around 515-515.5 

and 516.1-516.3 eV. In the insulating phase 𝑑||
∗  and π* are both empty, with π* positioned closer 

to the FL (see Figure 3.1.4). The pre-edge feature located at 515-515.5 eV is assigned to π* while 

the second one to 𝑑||
∗  in good agreement with XANES results [61]. The σ* feature is centred at 

518.4 eV.  

The CIS spectra of the L valence band feature (BE=1.5 eV) are reported in Figure 4.1.4.  The 

overall line shape is broader respect to the C CIS spectra and the individual orbital contributions 

are not distinguishable. In the metallic phase, a feature centred at ~516 eV can be observed. 

Increasing the strain, its intensity tends to decrease. This trend is compatible with the increased 

population (depletion of the empty states) of the π* band as a function of strain, which suggests 

the increased π* sensitivity respect to the CIS spectra of the C feature. 

In the insulating phase, the feature around 515.5 eV can be assigned to the π* band. The 𝑑||
∗  

band is not detectable probably because of the broadening of the σ* features, which might cover 

the weak signal.  
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Figure 4.1.5: Left panel: CIS spectra of the L (red line) and C   C (blue line) valence band features of the metallic phase 
of the 8 nm film in the photon energy range 511-530 eV. Right panel: XANES spectra of the 8 nm sample (metallic 

phase). 

The selective sensitivity to different empty bands for the C and L partial electron yield can be 

explained considering their nature. The C final state is generated by the cooperative screening 

of the 3d photo hole by the nearest vanadium atoms. In metallic vanadium dioxide, the 𝑑||
∗  band 

is directed along the rutile c axis i.e., along the V-V bonds. The intermetallic bonds are the same 

involved in the non-local screening mechanism of the C final state, therefore, it is very likely that 

the core-hole excited state 2p53d2 wave function (where the extra 3d electron is in the 𝑑||
∗  band) 

have greater overlap with the 3d1C final state wave function. The same consideration can be 

applied to understand the higher sensitivity of the L CIS spectra to the π* empty band. In the L 

final state, the 3d photo hole is locally screened by the oxygen atoms of the coordination 

octahedron. Since the π* band is formed by the V 3d electrons, which form bonds with π 

character with oxygen atoms, an excited electron placed in the π* band is more likely to be 

spatially close to oxygen atoms. The Auger transition of the excited state with an extra electron 

in the π* band into the L final state may be therefore favoured. However, further theoretical 

and experimental investigations are necessary to support this interpretation. 

An interesting difference between CIS and XANES spectra is the L3/L2 branching ratio. Statistically 

L3/L2=2, but because of the poor screening of the photo-excited core-hole, many systems show 

deviation from the ideal value[143,149].  In figure 4.1.5 are compared the CIS spectra of the C 

and L valence band feature and the XANES spectra of the 8 nm film in the metallic phase. It is 

evident how the L3/L2 ratio of CIS spectra is much closer to the statistical value due to the nature 

of CIS spectroscopy. Indeed, the intensity of the CIS spectra is the outcome of the constructive 

interference of direct photoemission and the photoabsorption channel. The direct 

photoemission of V 3d electrons does not suffer the core-hole influence, as a consequence, only 

those 3d electrons, which are generated by the Auger-like decay in which the 2p core hole is 

well screened will interfere constructively with the direct photoemission. CIS spectroscopy of V 

3d electrons is a natural way to minimize the core hole contribution making simpler the line 

shape interpretation.  
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The C and L CIS channels exhibit a different L3/L2 branching ratio and in particular, the C spectrum 

intensity at the L2 resonance appears suppressed. Probably because the excited state, which 

resonates with the C feature has longer lifetime respect to that resonating with the L channel. 

At the resonance with the V L2 edge, the Coster-Kronig decay channel is opened. If the lifetime 

of the core-hole excited state is short enough, the CK decay does not heavily affect the 3d 

electron yield (as for the L CIS spectra). On the other hand, a long-lived excited state increases 

the probability to relax trough the CK mechanism as for the C spectra at the L2 resonance. Since 

the intensity of the CIS spectra (C) in resonance with the L2 is about 0.4 instead of 0.5, it is 

possible to estimate that ~20 % of C electrons are lost because of the CK decay. The hypothesis 

of the different excitation lifetime is confirmed by the broadness of the CIS spectra. The C 

spectrum exhibit quite sharp features, a fingerprint of the longer excited state, whereas the L 

spectrum features are wider pointing out a shorter excited state. No significant L3/L2branching 

ratio variation is detected across the phase transition.  
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4.2 V 3p CIS spectroscopy of VO2 thin films. 
 

In the previous section, the CIS spectroscopy of two valence band features (C and L) have been 

discussed across the phase transition. In this section, the resonating behaviour of the V 3p1/2 and 

3p3/2 electrons across the V L edges have been investigated.  

V 3p electrons can be found at ~41 eV of BE (see Figure 4.2.1). The lineshape is quite broad since 

the multiplet effect splits the V 3p levels into two components: V 3p1/2 and 3p3/2 similar to the V 

2p electrons. In this case, however, the spin-orbit splitting is quite small and the fitting 

procedure based on the same criteria discussed in Chapter 2 is necessary to separate the two 

components. The V 3p1/2 and 3p3/2 components have been modelled using a pseudo-Voigt 

curve[98] fixing their intensity ratio to 0.5, while for the background we used the Shirley curve.  

The fit returns the V 3p1/2 component at BE=43.6 eV and the 3p3/2 at BE=41.2 eV. The Spin-Orbit 

splitting (2.4 eV) is higher respect to the value of 1 eV estimated by Zimmerman and co-

workers[107]. 

 

Figure 4.2.1: V 3p XPS spectrum of the 8 nm (-24 °C) films collected with hv=510 eV. The experimental points (grey 
dots) are compared to the fit (blue 3p1/2) and (red 3p3/2) and the continuous black line. Spectra acquired using 

hv=510 eV. 

Exploiting these results, the CIS spectra of the 3p1/2 (BE=43.6 eV) and 3p3/2 (BE=41.2 eV) features 

have been obtained. For sake of brevity, the CIS spectra of the 3p1/2 and 3p3/2 components will 

be called CIS1/2 and CIS3/2 respectively. The CIS3/2 spectra are depicted in Figure 4.2.2. 
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Figure 4.2.2: CIS3/2 spectra (BE=41.2 eV) in the photon energy range 512.1-521.1 eV for the 32, 16 and 8 nm films 
(black, red and blue line, respectively). Left panel: the insulating phase; right panel: the metallic phase. 

The V 3p3/2 spectra exhibit a strong enhancement of the pre-edge feature respect to the V 3d CIS 

spectra. This is due to the large overlap among 3p and 3d orbitals, which may favour the decay 

2p53d2 -> 2p63p53d1 + ep of the photo-excited state. The intensity of the CIS3/2 spectra contributes 

also the incoherent fraction of the Auger V L3M23M45. As depicted in Figure 2.2.5 the latter is 

present in the kinetic energy region 462-477 eV. For example, using the photon energy of 516 

eV the V 3p3/2 outgoing photoelectron has the energy of 474.8 eV, which means that the 

incoherent contribution from the two-holes Auger decay is present. According to the analysis 

carried out in the previous section, the two feature of the CIS3/2 spectra of the metallic phase 

can be assigned to the 𝑑||
∗  (515.8-516 eV) and σ* (518.4 eV) empty bands.  Their intensity ratio 

(𝑑||
∗ /σ*) increases with the strain in agreement with what observed in the V 3d (C) CIS spectra 

and the strain-induced orbital occupancy at the Fermi level, by shifting up the 𝑑||
∗  while lowering 

the π*band. In addition the 𝑑||
∗  and σ* features are separated by 2.4-2.6 eV which is in good 

agreement with the 𝑑||
∗ -σ*split observed in the 3d C CIS spectra. 

In the insulating phase, 𝑑||
∗  (515.9 eV) and σ* (518.3 eV) bands are clearly separated by 2.4 eV in 

agreement with XANES results found in the literature[61]. Contrary to the metallic spectra, the 

𝑑||
∗ /σ* intensity ratio is not correlated with the strain: it is ~1 for the 32 nm film, < 1 for the 16 

nm film and > 1 in the 8 nm film.  In addition across the MIT the 𝑑||
∗  feature decreases in intensity 

for the 8 and the 32 nm films, while increases for the 16 nm film. This anomalous behaviour is 

observed also in the CIS1/2 spectra shown in Figure 4.2.3. 

σ* 

𝑑||
∗

 

𝑑||
∗

 
σ* 
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Figure 4.2.3: CIS1/2 (BE=43.6 eV) spectra in the photon energy range 512.1-521.1 eV for the 32, 16 and 8 nm films 
(black, red and blue line respectively). Left panel: insulating phase; right panel: metallic phase. 

The line-shape is different with respect to the CIS3/2 spectra. The spectra of the metallic phase 

strongly resemble the L3 edge of the XANES spectra. An unresolved feature is observable at ~516 

eV, which intensity increases with strain. This behaviour is typical of the 𝑑||
∗  feature. In the 

insulating phase, spectra are dominated by two main features: one at 518.1 eV and one at 516.7 

eV. The energy position does not match that of the 𝑑||
∗  and σ* features observed in the CIS3/2 

spectra as can be seen in Figure 4.2.4.  The CIS spectra of the 8 nm film (insulating phase) have 

been chosen since the differences are clearly evident. The pre-edge peak of the CIS1/2 spectrum 

is shifted toward higher energies respect to the CIS3/2 spectra, pointing out that the excited 

states associated with the Auger decay of the 3p3
3/2 and the 3p1

1/2 final states are different. At 

the resonance of the L3 edge, the only electrons available for the XANES excitation are the 2p3/2. 

Because of the dipole selection rules, the total angular momentum of the excited electrons is 

J=5/2 or J=1/2. Depending on the J value, the electron is excited in the specific empty band with 

the proper symmetry.  
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Figure 4.2.4: CIS spectra of the V 3p3/2 (black) and V 3p1/2 features (grey) for the 8nm film in the insulating phase. 

This may result in a preferential decay of the excited state in the V 3p3/2 or 3p1/2 depending on 

the final state symmetry. To confirm this hypothesis a specific theoretical model for the resonant 

Auger decay of VO2 is necessary. 
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4.3 CIS investigation of VO2 disordered NS film 
 

The conclusions drawn in the previous sections, relay on the strained samples ordered atomic 

lattice, which produces an electronic structure with characteristic fingerprints. In the case of a 

disordered sample, the Jahn-Teller distortion affects the orbital energetic order, making hard to 

recognize specific orbital features. In this section, CIS spectroscopy has been used to recognise 

the orbitals’ features of MIT in a disordered VO2 sample. The CIS spectra of the V 3d C and L 

features along with the CIS1/2 and CIS3/2 spectra are showed in Figure 4.3.1.  

The V 3d C CIS spectra are the most severely affected by crossing the MIT. In the insulating 

phases, two features are clearly recognized: β (517.6 eV) and γ (519 eV). However, the line shape 

suggests the presence of two additional features at hv=516 eV and hv=518.5 eV. The maximum 

intensity (β feature) is found at 517.6 eV while for the ordered samples is shifted by 0.8 eV 

toward higher photon energies, in correspondence of the σ* peak (518.4 eV). Based on the C 

CIS results obtained in section 4.1 and on the presence of the Jahn-Teller distortion, the t2g and 

eg characters can be assigned to β and γ, respectively.  

 

Figure 4.3.1: CIS spectra of the metallic (red) and insulating (blue) phases of the disordered NS sample in the range: 
512-521.1 eV. Left panel, V 3d CIS spectra: top, L feature (BE=1.5 eV); bottom C feature (BE=0.4 eV). Right panel, V 

3p CIS spectra: top, V 3p1/2 feature (BE=43.6 eV); bottom V 3p3/2 feature (BE=41.2 eV). The spectra are normalized to 
the incident photon flux and to their maximum intensity. 

α 

β 

γ 
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The energy mismatch between γ and σ* as well as the interpretation of the β feature position,  

can be understood considering a severe distortion of the ligand octahedral complex. The oxygen 

octahedron is formed by 3 L-M-L (ligand-metal-ligand) units, which share the same metal atom. 

Within a unit, the ligand atoms lay on the same axis. When one of the L-M-L units is bent in such 

a way that the angle θ between the two ligand atoms is less than 180° the t2g and eg degeneracy 

is lifted as showed in Figure 4.3.2. Reducing θ, i.e., increasing the bending, one of the 2 eg orbitals 

is down-shifted in energy, while two of the 3 t2g orbitals are shifted upwards [136].  The total 

effect is the reduction of the t2g-eg energy split. In this framework, if β and γ have t2g and eg 

character, respectively, their energy separation has to be smaller of the separation of the 

ordered samples. The β and γ features are separated by 1.6 eV, which is smaller than the ordered 

sample π*- σ* energy separation (2.4 eV) measured at the O K edge XANES in section 3. In 

addition, the β-γ energy separation has the same value of the π*- σ* energy distance measured 

at the O K edge of the NS sample. This suggests the correspondence between the β-γ and π*- 

σ* with β having the t2g character and γ the eg one. 

 

Figure 4.3.2: Schematic representation of the empty orbitals energy landscape (t2g black, eg red) in relation to the 
geometric distortion of the ligand octahedron. Top: undistorted octahedron and relative energy diagram; bottom 

bending of one L-M-L unit and its orbital energy scenario. 

Despite the Jahn-Teller distortion described above have been identified as the main cause of the 

reduced t2g-eg energy separation, the presence of additional distortions acting at the same time 

but on different units cannot be ruled out. For example, the elongation or compression of the L-

M distance within a unit may affect simultaneously the L-M-L bending, or different units may be 

bent with different angles. To rule out the existence of other possible effects a theoretical model 

is necessary.  

Across the phase transition, the appearance of the α feature is accompanied by the increase in 

the γ intensity. Actually, since the CIS spectra are normalized to the maximum of the β feature 

intensity the spectral changes have to be interpreted as the transfer of the spectral weight from 

β to α. The latter can be seen as one of the t2g orbital not degenerate with the other two (β) 

present in the metallic phase. The increase in the intensity of the γ feature is a consequence of 

the β-> α spectral transfer.  A shift of the β peak of 0.2 eV toward lower photon energy is also 

observed. This interpretation matches the band model proposed in Chapter 3 (see Figure 3.2.11) 

and it is coherent with XANES and ResPES results. 
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The L CIS spectrum is broader (as discussed in section 4.1) respect to the C CIS spectrum and, as 

a consequence, the spectral features are not well resolved. In the insulating phase, the 

maximum intensity shifts from 517.6 (C) to 518 eV (L), suggesting the increase of the spectral 

components with eg character. Across the phase transition, the α feature is still detectable 

despite the reduction respect to C spectra underlying the reduced sensitivity of the L 

photoemission channel to t2g spectral components. In the metallic phase, the β component can 

be resolved with respect to the main peak at 518 eV. Moreover, the maximum intensity does 

not shift across the MIT confirming that spectral weight is not transferred among empty orbitals 

with eg and t2g character.  

Between the V 3p photoemission channels, the major changes across the MIT are showed by 

CIS3/2. In the metallic phases, three peaks can be recognized at the photon energies of 517.7, 

517.2 and 516 eV. These three features lay in energy regions where empty orbitals with t2g 

character have been identified in C and L CIS spectra. This result suggests that CIS3/2 is 

particularly sensitive to empty t2g orbitals and it is consistent with the severe broadening of the 

CIS3/2 spectrum of the metallic phase respect to that of the insulating phase, which also 

underlines the redistribution of the empty orbitals across the phase transition. In addition, the 

three features observed in the CIS3/2 spectra can be correlated to those present in the XANES 

difference spectra in Chapter 3 (see Figure 3.1.10). The CIS1/2 spectrum is quite broad and does 

not exhibit outstanding features. Across the MIT the transfer of the spectral weight in the energy 

region of the empty t2g orbitals is observed in agreement with the other CIS spectra. However, 

the magnitude is quite small respect to the CIS3/2 spectra, suggesting that also in the disordered 

NS film the excited state may exhibit a different angular momentum symmetry and, therefore, 

a different coupling with the final state. 

In conclusion, it has been shown that CIS spectroscopy is a versatile tool to collect XANES spectra 

of selected partial electron yield. The possibility to choose among different photoemission 

channels allows us to recognize and to identify specific empty orbitals involved in the MIT. In 

addition, the CIS investigation of the NS sample confirms the band model proposed in chapter 

3. It underlines also the fundamental role of the mutual electron interaction in the VO2 phase 

transition. 
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Conclusions 
 

Among the many stimulating TM oxides, VO2 deserves a special mention: it is really a fascinating 

material that since its discovery triggered researches and still now offers plenty of opportunities 

to understand the physics of correlated systems. In addition, it offers many opportunities for 

applications in different fields. It undergoes a MIT near room temperature coupled with a 

structural phase transition from the low-temperature monoclinic insulator phase to the high-

temperature rutile metal phase. The nature of the MIT is still under debate since different 

mechanisms like electron correlation driven Mott-Hubbard transition or structurally driven 

Peierls transition or a combination of both have been considered. The path leading to the full 

exploitation of the MIT feature for VO2-based technologies is still in the early stages and a deeper 

understanding of the nature of the phase transition is required.  

In this thesis, the interplay and the dynamics of the orbital, structural and electronic degree of 

freedom across MIT have been studied using advanced spectroscopic techniques. In order to 

observe the interplay of the lattice structure with the orbital dynamic across the MIT, three 

strained single crystalline VO2/TiO2(001) thin and ultra-thin films, synthesized using Molecular 

Beam Epitaxy (MBE) and NS disordered films synthesized using Supersonic Cluster Beam 

Deposition (SBCD) have been investigated and compared. The strain effect resulted in a 

reduction of the cr parameter with a concurrent increase of the apical V-O distance. Studying 

these films across the MIT, it has been possible to investigate the effect of the decrease of the 

V 3d-O 2p wave functions overlap and the induced modifications to the orbital arrangements by 

the crystal field. 

To summarize, in this thesis I demonstrated that: 

1. Using SCBD it is possible to tune the oxidation state of the VOx NS films. As a consequence, 

3d occupancy and Work Function (WF) can be modulated. In addition, because of the 

nanogranular nature of the NS films, quantum confinement can be exploited to increase the 

WF respect to the bulk materials. 

Actually, I was able to grow at room temperature NS vanadium oxides films with a tunable 

oxidation state and they were systematically investigated using in-situ Auger spectroscopy, 

looking at the VOx 3d occupancy as a function of the stoichiometry. From the analysis of the 

Auger line-shape, we quantitatively correlated the 3d DOS spectral weight with the oxygen 

concentration. Results confirm the failure of the ionic picture to describe the 3d occupancy in 

NS vanadium oxides, and the role of the hybridization in the VOx NS films. We have shown that 

the fraction of unpaired d electron exhibits a linear dependence from the oxygen content, that 

points out strong 4s-3d (x<1) and 3d-2p (x>1) hybridizations varying with the stoichiometry. 

Based on our data we propose a heuristic model, which links the outer valence branching ratio 

with the stoichiometry, giving a role to the V 3d-O 2p hybridization in all VOx films. In addition, 

we observed the occurrence of a linear correlation between the WF and the stoichiometry in 

the investigated range 0.5<x<2.45.  

For different stoichiometry, the NS films WF have been observed to be systematically higher 

respect to the corresponding WF of bulk vanadium oxides. This has been interpreted as a 

quantum confinement effect due to the synthesis conditions of the NS films. In fact, SCBD is a 

low kinetic energy deposition technique, in which the nanoparticles maintain their individual 
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character upon landing on the substrate. As a consequence, the NS films grow without 

coalescence effects, i.e. the nanoparticles are assembled together retaining a “memory” of the 

small size of their gas-phase precursors. This “memory effect” clarified the nanograin structure 

of these films pointing out a mechanism of quantum confinement enhancement of the WF value. 

By controlling the oxidation state degree of freedom and accessing the nanoscale, we 

demonstrated the unique capability of our approach to synthesize NS films with a tunable WF 

from 3.7 up to 7 eV, which can be exploited to grow at room temperature hole or electron 

injection layers for technological applications. As a consequence, the SCBD appears as an 

effective and reliable method to control the electronic structure and the work function of NS 

films.  

2. A systematic XANES investigation of VOx NS films revealed that they are disordered, this 

allowed to synthetize NS disordered VO2 samples. 

For all NS films we systematically studied via in-situ XANES measurements the local 

arrangements of oxygen atoms around vanadium as a function of the stoichiometry. Actually, 

NS VOx samples produced using the PMCS apparatus are disordered with oxygen atoms arranged 

in randomly distorted octahedra around vanadium atoms. Nevertheless, the ability to synthetize 

samples with a tunable stoichiometry allowed us to obtain specific VO2 disordered samples, in 

which the Peierls distortion mechanism is quenched because of the lack of the long-range lattice 

periodicity.  

3. XANES (Auger yield) investigation of strained VO2 samples allowed us to observe spectral 

changes across the MIT which are compatible with the π*- 𝑑||
∗  inversion in the metallic state 

and π*- 𝑑||
∗  separation in the insulating state. In the NS sample, the MIT involves mainly empty 

orbitals with t2g character. 

By means of XANES spectroscopy collected with two different Auger emission lines (V L3M23M45 

and O KL23L23) and ResPES, I also characterized the strain-induced orbital dynamic across the 

MIT. These spectroscopies that do not require long-range ordered samples allowed to compare 

the transition features of the crystalline samples with those of the NS samples.  In particular, 

XANES spectra collected with the Auger O KL23L23 allowed studying the O K edge line shape 

minimizing the interference from V L edges. This improved oxygen sensitivity helped to identify 

trends in the orbital occupancy and the relative energy changes as a function of the sample 

thickness. As the strain increase also the π*-𝑑||
∗  orbitals split increases in the insulating phase, 

while in the metallic phase the spectral changes are compatible with an inversion of the π* and 

𝑑||
∗  orbital occupancy at the FL respect to the bulk VO2. Finally, a redshift of the Turning Point of 

the difference spectra has been observed. In NS samples the major spectral changes across the 

MIT are observed in the π* (t2g *) region, a behaviour that is compatible with the Mott-Hubbard 

model for the MIT transition.  

4. From ResPES measurements it appears that tuning the strain it is possible to control also the 

metallicity of the sample. In addition, an electron correlation driven MIT is observed in the 

NS sample in which the bandgap is closed by the collapse of a t2g* band to FL.  

Using ResPES, spanning the photon energy across the V L2,3 edges, I showed that only the 

unpaired 3d electrons are involved in the MIT. We observed also the appearance of a Fermi edge 

in the crystalline strained samples and a small but finite DOS at the FL in NS samples. From the 

measure of the screening parameters ratio (Lm/Li) a decrease of the sample metallicity increasing 

the strain is detected. Also the NS film exhibits Lm/Li> 1 confirming the occurrence of the MIT.  
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From the combination of XANES and ResPES measurements, we can conclude that an electron 

correlation mechanism is responsible of the MIT in VO2. In disordered NS samples in which the 

Peierls transition is suppressed, the electron correlation driven MIT involves mostly t2g empty 

orbitals. ResPES measurements confirm the finite DOS at the FL and the collapse and the 

subsequent occupation of the t2g* in the metallic phase in agreement with the XANES spectra. 

However, from the analysis of the strained and ultra-strained films, it is clear that the sample 

structure modulates the MIT properties. In particular, the change of the multi-orbital 

contribution to the phase transition as a function of the thickness (i.e. strain) is reflected in the 

XANES spectra. Coupling these results with the decrease of the metallicity in strained films 

respect to the bulk-like VO2 shows that the lattice order is of fundamental importance in tuning 

the MIT. 

5. Exploiting CIS spectroscopy it has been possible to track the orbital dynamic across the MIT. 

In the metallic phase of the ordered samples, increasing the strain an increase of the 𝑑||
∗  along 

with a decrease of the π* signal has been observed. This points out an inversion of the π*-𝑑||
∗  

band. In the NS film, CIS spectroscopy shows the collapse of one of the t2g* band to FL 

confirming the band model proposed for the disordered sample phase transition. 

With this technique, I identified the different orbital contributions to the MIT as a function of 

the structure. In the ordered samples, in the metallic phase, it has been shown the correlated 

increase of the 𝑑||
∗  band while increasing the strain, accompanied by the concurrent decrease of 

the π* orbital signal. This dynamic is compatible with a strain-induced population inversion at 

the FL in metallic VO2. Moreover, the CIS investigation of NS disordered samples allowed to track 

the transfer of the spectral weight among t2g* orbitals across the MIT, confirming the band 

model proposed for a phase transition of a disordered VO2 sample.  

The results of this thesis confirm that the MIT in a disordered sample is driven by electron-

electron correlation. However, the lattice order parameter, which is not strictly necessary to 

trigger the phase transition, is also fundamental to tune and control MIT features such as the FL 

population, i.e., the metallic properties and the orbital occupancy. 
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Appendix 1. 

XPS and UPS 
 

Shining a sample with a photon beam with enough energy results in the emission of electrons. 

The detection of the photo-emitted electrons as a function of their kinetic energy is called 

PhotoElectron Spectroscopy or PES. X-ray photoelectron spectroscopy (XPS) and Ultra-violet 

photoelectron spectroscopy (UPS) are two kinds of PES, where a photon beam with energy in 

the X-ray region and Ultra-Violet region respectively, is used to ionize the sample. 

PES is basically exploitation of the photoelectric effect and it can be described with a transition 

from an initial bound state |𝑖⟩ with N electrons into a final state |𝑓⟩ with N-1 bound electrons 

and 1 free electron. For an unpolarised photons beam the cross-section of a photoemission 

process is given by[168]: 

𝜎𝑖𝑓 =
4𝜋2𝛼𝑎0

2

3
ℎ𝑣|𝑀𝑖𝑓|

2
𝛿(𝐸𝑖 − 𝐸𝑓 + ℎ𝑣)    (A1.1) 

Where 𝜎𝑖𝑓 is the cross-section relative to the transition |𝑖⟩ -> |𝑓⟩, α is the fine structure constant, 

a0 is the Bohr radius, hv is the photon energy, Mif is the matrix element  and 𝛿(𝐸𝑖 − 𝐸𝑓 − ℎ𝑣) 

represents the conservation of energy. 

Mif is calculated using perturbation theory, and within the dipole approximation it can be written 

as: 

𝑀𝑖𝑓 =  ⟨𝑓| ∑ 𝑟𝑗𝑗 |𝑖⟩      (A1.2) 

Where rj is the position of the j-th electron. 

The energy conservation expressed in (A1.1) can be written as: 

−ℎ𝑣 = 𝐸𝑖 − 𝐸𝑓 = 𝐸𝑁 − 𝐸𝑁−1 − 𝐾𝑒 => 𝐸𝑁−1 − 𝐸𝑁 = ℎ𝑣 − 𝐾𝑒   (A1.3) 

Where EN is the energy of the initial state, EN-1 is the energy of the ionized target with N-1 

electrons in the final state and Ke is the kinetic energy of the photoelectron. EN-1- EN is called 

Binding Energy (BE) and represents the energy of the photoelectron in the initial state when it 

is bound inside the solid. Very often the BE are calculated respect to FL level instead of the 

Vacuum level therefore equation A1.3 can be written as: 

𝐵𝐸 + 𝑊𝐹 = ℎ𝑣 − 𝐾𝑒      (A1.4) 

Where WF is the work function of the material, i.e. the energy difference between FL and the 

Vacuum level.  

From equation A1.4 it can be seen how measuring the photoelectron kinetic energy it is possible 

to extract information on the sample. To study the photoemitted electrons from a core-level 

(high BE value) it is necessary to increase the energy of the photon beam. As a consequence XPS 

allows to study valence and core electrons, while UPS is limited to valence band investigation.  

Despite XPS is able to probe the valence band of a material, UPS is often more used. This is due 

to the cross-section magnitude of the outer electrons. In general, the valence electrons cross-

section is much smaller in the X-ray range respect to Ultra-violet.  
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UPS is also used to determine the Work function of a material. Biasing the sample it is possible 

to acquire the secondary electrons cut-off (BE relative to the emission of an electron with Ke=0 

eV) and because of the high valence electrons sensitivity, FL is easily observable. The difference 

between the FL and the secondary electron cut-off determines the WF. 

The access to the core-level makes XPS a powerful technique to investigate the chemical nature 

of the sample. In fact, every chemical element has a unique set of energy levels with 

characteristics binding energies. 

 

Figure A1.1: Schematic representation of core-level XPS (left panel) and Valence band UPS (right panel). 

XPS is also sensitive at what is called chemical shift. The chemical shift is the variation of the BE 

observed when an element form inequivalent chemical bonds. Depending on the nature of the 

chemical bond, an atom can yield or receive valence electrons which affect the screening of the 

positive nucleus. For example, in VO2 vanadium shares 4 electrons with the 2 oxygen atoms. This 

results in a reduction of the effective negative charge around the vanadium atom and therefore 

in a reduced ability to screen the positive charge of the nucleus. Consequently, the core-levels 

in VO2 are slightly more bound, i.e. higher BE, respect to the case of pure V. the chemical shift 

can be detected using XPS making possible to discriminate between different oxidation state of 

a metal oxide or to identify how the elements of the samples are chemically bounded. XPS has 

been used in section 2.2.3 to determine the oxidation state of NS VOx films. 

Final state effects may also affect the kinetic energy of the photoelectron that going out from 

the solid can leave the system in an excited state. The spectrum of the accessible excitations 

strongly depends on the material properties, for example, plasmon excitation, shake up and the 

contribution from different screening mechanisms can be observed. A complete description of 

all the possible final state effects is beyond the purpose of this thesis and we refer to the 

literature for detailed information[168].  

As a consequence of the photoemission process, the system is left with a hole in a core-level. 

This configuration is not stable and the positive attraction of the core hole induces the decay 

from an electron of an upper level in order to minimize mechanisms can be observed: radiative 

and Auger. 

In the radiative channel, the electronic transition is followed by the emission of an X-ray photon.  
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In the Auger decay, the electronic transition form an upper level is followed by the emission of 

an electron, leaving the system in a two-holes final state.  

Auger decays electrons are labelled as XYZ according to which electrons are involved. X 

represents the level of the core hole caused by direct photoemission, Y indicates the level of the 

electron that decay at the core hole level and Z is the electron emitted.  

Two different conventions are used: X, Y and Z may directly indicate the energy level of the 

electron involved in the Auger decay. In this case, the Auger process depicted in Figure A1.2 can 

be written as 2p3/23pV. The letter V is often used to indicate a valence electron. 

Or as an alternative, the energy levels can be labelled according to the X-ray absorption notation 

in which a letter replace the principal quantum number and a numerical subscript indicate the 

total angular momentum component: 1s->K, 2s-> L1, 2p1/2-> L2, 2p3/2-> L3, etc. 

This is the notation used in this thesis. The Auger process depicted in Figure A1.2 is labelled as 

L3M2,3V. 

Auger electrons have the properties to be emitted with kinetic energy independent from the 

incident photon energy. In fact, the kinetic energy of an Auger electron depends only on the 

difference between the energy levels involved during the decay process as described from Eq 

A2.1.5 for the decay L3M2,3V. 

Where KA is the kinetic energy of the Auger electron. Because of this property, Auger electrons 

are a fingerprint of material, but they can also be used to extract information on the electronic 

structure of the sample. For example, in section 2.2.4 the Auger decay L3M2,3M4,5 has been 

studied for different VOx films. Since in vanadium oxides, a fraction of 3d electrons are bound 

with oxygen atoms, while the rest is unpaired the decay channel L3M2,3M4,5 exhibits two lobes 

which intensity changes with the oxygen content. Two main decay mechanisms can be observed: 

radiative and Auger. 

In the radiative channel, the electronic transition is followed by the emission of an X-ray photon.  

In the Auger decay, the electronic transition form an upper level is followed by the emission of 

an electron, leaving the system in a two-holes final state.  

Auger decays electrons are labelled as XYZ according to which electrons are involved. X 

represents the level of the core hole caused by direct photoemission, Y indicates the level of the 

electron that decay at the core hole level and Z is the electron emitted.  

Two different conventions are used: X, Y and Z may directly indicate the energy level of the 

electron involved in the Auger decay. In this case, the Auger process depicted in Figure A1.2 can 

be written as 2p3/23pV. The letter V is often used to indicate a valence electron. 
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Figure A1.2: Schematic representation of the emission of an Auger electron following the core-level direct 
photoemission. The Auger channel depicted is the L3M2,3V. 

Or as an alternative, the energy levels can be labelled according to the X-ray absorption notation 

in which a letter replace the principal quantum number and a numerical subscript indicate the 

total angular momentum component: 1s->K, 2s-> L1, 2p1/2-> L2, 2p3/2-> L3, etc. This is the notation 

used in this thesis. The Auger process depicted in Figure A1.2 is labelled as L3M2,3V. 

Auger electrons have the properties to be emitted with kinetic energy independent from the 

incident photon energy. In fact, the kinetic energy of an Auger electron depends only on the 

difference between the energy levels involved during the decay process as described from Eq 

A2.1.5 for the decay L3M2,3V. 

𝐾𝐴 = 𝐵𝐸2𝑝3/2
− 𝐵𝐸3𝑝 − 𝐵𝐸𝑉    (A1.5) 

Where KA is the kinetic energy of the Auger electron. Because of this property, Auger electrons 

are a fingerprint of material, but they can also be used to extract information on the electronic 

structure of the sample. For example, in section 2.2.4 the Auger decay L3M2,3M4,5 has been 

studied for different VOx films. Since in vanadium oxides, a fraction of 3d electrons are bound 

with oxygen atoms, while the rest is unpaired the decay channel L3M2,3M4,5 exhibits two lobes 

which intensity changes with the oxygen content. 

 

Figure A1.3: Auger L3M2,3M4,5 for different VOx NS films. 
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Work Function measurements 

 

Within the photoemission techniques, WF measurements deserve special attention. It is well 

known that the sample WF does not influence photoemission measurements since only the 

analyzer WF enters in the conservation of energy [117].  

The sample and the analyzer are placed in electrical contact, i.e. their FL are aligned. The 

photoelectrons ejected by the sample surface have to overcome an energy barrier which 

intensity is determined by the difference in WF between the sample and the analyzer as 

depicted in Figure A1.4. 

 

Figure A1.4: Schematic representation of a photoemission process. WFs is the sample WF, WFA the analyzer WF, 
ΔWF= WFs- WFA.  

In a real photoemission experiment, an additional term has to be considered in Eq. A1.4  

 𝐾𝑒= ℎ𝑣 − 𝐵𝐸 − 𝑊𝐹𝑠 + 𝛥𝑊𝐹 =  ℎ𝑣 − 𝐵𝐸 − 𝑊𝐹𝐴   (A1.4) 

Where ΔWF= WFs- WFA, WFs is the sample WF and WFA the analyzer WF. 

As a consequence, the sample’s WF does not appear to enter the direct photoemission process. 

However, if FL is populated it is possible to set an internal energy reference imposing: 

𝐾𝑒(𝐹𝐿)= ℎ𝑣     (A1.5) 

Where Ke(FL) is the kinetic energy of the electrons at FL. Equation A1.5 consists of a rigid shift of 

the entire spectrum. In this way, the BE is calculated as: 

𝐵𝐸 = ℎ𝑣 − 𝐾𝑒
∗     (A1.6) 

In which 𝐾𝑒
∗ is the Kinetic energy of the photoelectrons calculated considering Eq. A1.5.  

On this scale the BE of FL is automatically set to 0 while the BE of the secondary electrons offset 

is set to: 

𝐵𝐸𝑆𝑂 = ℎ𝑣 − 𝑊𝐹𝑠     (A1.6) 

Inverting the sample’s WF can be extracted. It is necessary to point out that this method will 

work only for metallic samples since the FL population is required. However, it can be applied 

for semiconductor and insulating samples if it is possible to calibrate the analyzer with a metal. 

This will give us information about the position of the analyzer FL and consequently the 

possibility to calculate the WF also for semiconductor and insulating samples.  
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Appendix 2.  

XANES 
 

X-ray Absorption Near Edge Structure (XANES) is a spectroscopic technique that concerns the 
absorption of a photon and the consequent excitation of an electron into an empty band. The 
local character of core-level excitations allows investigating both the local structure and the 
unoccupied Density Of State (empty DOS). 
XANES is the energetic region of the absorption spectra in which the excited electrons have a 

wavelength that is longer than the nearest neighbour distance. In this particular energetic 

region, which extends from 5 to 100 eV beyond the absorption threshold, the outgoing electron 

undergoes multiple scattering processes from the neighbour atoms [141,169,170]. The XANES 

signal is therefore very sensitive to geometry and symmetry of the atomic disposition inside the 

sample.  

 

Figur3 A2.1: Schematic representation of the XANES process.  

Using synchrotron radiation, it is possible to tune the photon energy hv to sweep across a core-

level resonance of the system, for which the photo-absorption cross-section is maximum. 

According to quantum mechanics, the total absorption cross-section can be obtained using 

Fermi golden rule and dipole approximation. Therefore the finale state probed using XANES 

obeys to the dipole selection rule. 

𝜎 𝛼 ℎ𝑣 ∑ |𝑀𝑖𝑓|
2

𝑓 𝛿(𝐸𝑖 − 𝐸𝑓 + ℎ𝑣)   (A2.1) 

Where hv is the photon energy, Mif is the matrix element and 𝛿(𝐸𝑖 − 𝐸𝑓 − ℎ𝑣) represents the 

conservation of energy. Mif can be calculated as: 

𝑀𝑖𝑓 =  ⟨𝑓∗| ∑ 𝑟𝑗𝑗 |𝑖⟩    (A2.2) 

In which, |𝑖⟩ is the initial state with N bound electrons and |𝑓∗⟩ is the finale excited state with a 

hole in the core-level and one electron excited in an empty state. rj is the position of the j-th 

electron. 
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For historical reasons, the absorption thresholds are named after the principal quantum 

numbers of the initial state. If n=1, absorption edges are K edges, if n=2 they are called L edges, 

n=3 M edges and so on. A subscript is also used to distinguish between the different subshell, 

therefore: L1 absorption edge is acquired exciting 2s electron, L2->2p1/2 electrons and L3->2p3/2 

electrons, etc.  

XANES spectra can also be acquired using different detection techniques. A complete overview 

can be found in the literature[141]. In this thesis, particular attention is devoted to the different 

electron yields.  

Total Electron Yield: 

Total Electron Yield (TEY) acquisition method consists of tuning the photon energy across the 

system resonance and counting all the electrons which escape from the sample surface. This can 

be achieved by connecting the sample to the ground through an amperemeter and measuring 

the neutralization current. TEY signal is dominated by secondary electrons created as a 

consequence of the photoemission process. As a consequence it is the most bulk-sensitive 

detection technique among the electron yields, reaching probing depths of several 

nanometers[171]. TEY has been used in section 2.2.7 in order to investigate the stoichiometry 

and to probe the local structure of NS VOx samples. 

Auger Electron Yield: 

Auger Electron Yield (AEY) is the measurements of the intensity of a specific decay channel of 

the core-hole as a function of the photon energy. The probing depth is limited by the mean free 

path of the Auger electrons, therefore it is a rather surface-sensitive technique. Choosing the 

appropriate Auger decay it is possible to probe the empty DOS with different sensitivity, making 

AEY an extremely versatile technique. In section 3.1 AEY has been used to study the evolution 

of the XANES spectra of VO2 thin and nanostructured films across the MIT. 

Constant Initial State: 

Constant Initial State (CIS) spectroscopy consists of measuring the intensity variation of a direct 

photoemission peak as a function of the photon energy.  This technique requires the ionization 

energy to be constant, i.e. the difference between the kinetic energy of the photoemitted 

electron and the photon beam must be constant. Similarly to AEY, CIS is extremely versatile since 

it is possible to study the intensity evolution of photoemission peak with a significant physical 

meaning. CIS spectroscopy has been used in chapter 4 to investigate the orbital contribution to 

the MIT for strained and disordered VO2 films. 

 

 

 

 

 

 



91 
 

Appendix 3.  

Resonant Photoemission 
 

Resonant photoemission spectroscopy is a branch of photoelectron spectroscopy and in 

particular of variable energy photoemission spectroscopy. Historically XPS and UPS apparatus 

developed using X-ray lamp (Al Kα or Mg Kα) or noble gas lamp (He I and II) as ionization source 

therefore without the opportunity to finely tune the photon energy. The advent of synchrotron 

radiation provided a continuously tunable radiation source, with high intensity and controllable 

polarization.  

The ability to vary the photon energy allowed to exploit cross-section effects to better extract 

the signal of interest from the investigated samples. Of particular interest is the resonant 

enhancement of the cross-section when the photon energy is tuned across a core-hole 

resonance. When the photon energy is tuned to match an absorption edge of the sample, two 

possible processes which lead to the same final state are possible: the direct photoemission and 

the Auger-like emission following the relaxation of a photo-excited state. As a consequence, an 

interference process takes place modulating the photoemission intensity of the resonating 

states as a function of the photon energy.  In this thesis the samples analysed are VO2 thin films 

and NS film, therefore this material will be taken as an example, however, the considerations 

derived are of general nature.   

Tuning the photon energy across the VO2 L3 and L2 edges a 2p electron is excited in the partially 

empty 3d subshell. The excited state will decay via Coulomb interaction, with a concurrent 

emission of an electron.  This generates two identical final states, 

summarized in Eq. A3.1 and A3.2,  which constructively interfere modulating the photoemission 

intensity as a function of the photon energy.  

2p63dn + hν → 2p63dn-1 + e-    (A3.1) 

and the photo-absorption channel: 

2p63dn + hν → 2p53dn+1 → 2p63dn-1 + e-    (A3.2) 

The ResPES effect can be described as the production of an excited intermediate state, which 

decays through a Coster–Kronig (CK) or super-Coster–Kronig (SCK) process. Coherent 

superposition of channels in Eq. 3.2 and Eq. 3.3 can lead to resonant enhancement of the 3dn−1 

final state[172]. Due to the local character of the ResPES process, it is possible to distinguish 

metal 3d-like states in the valence band from those having ligand character disentangling the 

mixing between the different ground state configurations.  

ResPES has been used in Chapter 3 in order to disentangle the O and V contribution in the 

valence band and to study the occupation of FL across the MIT. 
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